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I .  INTRODUCTION 


The  gas  turbine  engine  is  used  in  two  primary 
capacities.  The  first  is  a  stationary  application  as  a 
shaft  power  generating  device.  The  relatively  large 
amount  of  shaft  power  generated  for  the  size  of  machine 
involved  is  a  major  advantage  of  the  gas  turbine  engine. 
Gas  turbine  engines  designed  for  generation  of 
ground-based  shaft  power  have  minimal  restrictions  on 
weight  and  under  ordinary  conditions  operate  at  near 
design  conditions.  A  second  important  use  of  the  gas 
turbine  engine  is  for  propulsion  in  a  variety  of  air,  land 
and  sea  vehicle  configurations .  Vehicle  and  in  particular 
aircraft  gas  turbine  engines  are  designed  with  reduced 
weight  as  a  major  requirement.  Additionally,  the 
off-design  performance  of  an  aircraft  engine  is  an 
important  consideration  because  of  maneuverability 
demands.  Modern  high  performance  aircraft  require 
operating  conditions  for  the  gas  turbine  engine  that  are 
far  from  design. 

Three  primary  components  of  a  gas  turbine  engine  are 
the  compressor,  combustor,  and  turbine.  The  compressor 
provides  part  of  the  pressure  rise  of  working  fluid 
necessary  for  the  amount  of  expansion  through  the  turbine 
required  by  the  application.  Enough  additional  energy 
must  be  added  to  the  working  fluid  through  combustion  of 
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fuel  in  the  combustor  to  overcome  losses  in  the  compressor 
and  turbine,  as  well  as  produce  output  power.  The  overall 
performance  of  the  gas  turbine  engine  is  limited  by 
component  efficiencies  and,  in  the  case  of  aircraft 
engines,  off -design  performance  must  be  sustained  at 
reasonable  power  levels.  The  compressor  is  the  critical 
component  in  determining  the  design  and  off-design 
performance  of  a  gas  turbine  engine.  Break  down  of  the 
compressor  flow  field  during  off-design  operation  can 
results  in  losses  that  are  large  enough  to  prevent 
sustained  operation  of  the  gas  turbine  engine.  A 
compressor  designed  for  superior  off-design  performance 
will  expand  the  operating  range  of  a  gas  turbine  engine, 
making  that  engine  more  suitable  for  use  in  high 
performance  aircraft . 

Modern  axial-flow  compressor  stages  are  capable  of 
generating  exit  total  pressures  as  large  as  twice  the 
inlet  level.  The  use  of  multiple  stages  in  series  in  an 
axial-flow  compressor  allows  for  increased  overall 
pressure  rise.  This  multiple  staging  is  necessary  to 
achieve  the  pressure  levels  required  for  high  performance 
gas  turbine  engines.  Therefore,  the  off-design 
performance  of  multistage,  axial-flow  compressors,  rather 
than  only  single-stage  compressors,  is  very  important  to 
the  success  of  high  performance  gas  turbine  engine 
designs . 
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Modern  single-spool,  multistage,  axial-flow 
compressors  are  capable  of  generating  a  pressure  rise  as 
large  as  28  to  1  with  10  stages  as  reported  by  Hosny 
et  al .  [i] .  In  generating  this  pressure  rise  the 

compressor  must  also  provide  the  required  mass  flow  to 
produce  the  thrust  required  by  the  application  involved. 
Overall  compressor  performance  is  often  displayed 
graphically  on  a  "compressor  map"  as  shown  in  Figure  1.1. 
Pressure  rise,  efficiency  and  mass  flow  rate  are 
conveniently  related  for  different  shaft  speeds  with  a  map 
like  this.  The  actual  mass  flow  through  the  compressor  is 
corrected  for  inlet  pressure  and  temperature  conditions  so 
performance  comparisons  can  be  made  between  compressors 
operating  with  different  inlet  conditions.  A  more 
complete  description  of  the  corrections  made  is  provided 
in  Ref.  [2] .  In  addition  to  pressure  rise  and  mass  flow, 
compressor  efficiency  is  also  critical  to  rating 
performance.  Efficiency  levels  can  be  shown,  along  with 
the  compressor  pressure  ratio,  as  a  function  of  operating 
point  (see  Figure  1.1).  For  a  given  compressor  speed,  the 
operating  point  is  prescribed  by  the  intersection  of  the 
throttle  line  and  the  compressor  speed  line. 
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The  compressor  is  designed  to  operate  at  a  particular 
speed  and  throttle  setting  for  which  compressor,  combustor 
and  turbine  component  matching  is  achieved.  Operation  at 
any  other  operating  point  is  considered  as  off-d^sign 
operation.  Maximum  off-design  operation  in  a  compressor 
is  limited  by  blade  passage  choking,  on  the  high  flow  end, 
and  blade  and  endwall  stalling,  on  the  low  flow  end,  as 
illustrated  in  Figure  1.2.  One  important  variable  related 
to  range  of  operation  is  stall  margin.  Stall  margin  is  a 
measure  of  how  much  compressor  back  pressure  can  be 
increased  at  a  constant  flow  or  flow  rate  reduced  at  a 
constant  speed  from  the  design  operating  point  before  the 
compressor  stalls  as  shown  in  Figure  1.3.  The  greater  the 
stall  margin  the  less  likely  the  compressor  will  stall  in 
engine  operation.  Even  with  large  stall  margins,  however, 
compressors  can  be  forced  to  stall  by  inlet  distortions 
that  occur  with  current  aircraft  mission  demands.  When  a 
compressor  stalls,  engine  performance  is  reduced  below  the 
level  that  can  sustain  flight.  Because  compressor 
stalling  does  occur  and  because  aircraft  have  been 
consequently  lost,  the  performance  of  a  compressor  while 
operating  in  stall  and  its  ability  to  recover  from  stall 
are  extremely  important.  Recoverability  is  a  measure  of 
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Figure  1.2  Compressor  operating  region 
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Figure  1.3  Compressor  stall  margin 
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how  easily  the  compressor  can  recover  from  stall  to  a 
condition  that  will  allow  adequate  operation  of  the 
engine . 

When  a  compressor  stalls,  two  types  of  flow 
instabilities,  surge  or  rotating  stall,  can  result.  Surge 
is  more  likely  to  occur  at  higher  speeds  while  rotating 
stall  occurs  at  lower  speeds  as  illustrated  in  Figure  1.4. 
If  the  instability  is  cyclic  in  nature  (surge) ,  the 
overall  compressor  operates  on  or  near  its  unstalled 
characteristic  during  part  of  the  surge  cycle  as  shown  in 
Figure  1.5.  The  unstalled  characteristic  is  defined  as 
the  line  of  unstalled  operating  points.  If  the 
perturbation  that  caused  the  instability  is  removed  prior 
to  any  part  of  the  cycle,  then  the  compressor  will  return 
to  its  normal  operating  condition.  Surge  is  an 
instability  which  occurs  at  high  operating  speeds  in 
multistage  compressors .  Surge  in  compressors  is  a 
condition  from  which  recovery  is  easy  and  therefore  is 
more  desired,  from  the  standpoint  of  recovery,  than 
rotating  stall  which  is  discussed  next. 

If  the  instability  resulting  from  a  compressor  stall 
is  rotating  stall  (stalled  region  of  flow  rotating  around 
the  annular  flowpath)  then  at  no  time  is  the  overall 
compressor  operating  on  its  usual  unstalled 
characteristic,  as  demonstrated  in  Figure  1.6. 
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Instead,  a  hysteresis  loop  including  stalled  operating 
points  is  formed  (see  Figure  1.6) .  This  line  of  stalled 
operating  points  is  defined  as  the  in-stall 
characteristic.  When  the  perturbation  that  caused 
rotating  stall  to  occur  is  removed,  the  compressor  must 
recover  along  its  in-stall  performance  characteristic. 
Recovery  can  be  improved  in  engine  applications  if  the 
extent  of  the  in-stall  hysteresis  (see  Figure  1.6)  is  kept 
small  by  design.  Minimizing  the  extent  of  the  in-stall 
hysteresis  is  prerequisite  to  improving  compressor 
rotating  stall  recoverability. 

Investigations  of  compressor  recoverability  from 
stall  have  primarily  focused  on  the  performance  of  low 
speed,  low  pressure  ratio  compressors .  These 
investigations  have  provided  some  important  fundamental 
concepts  about  in-stall  compressor  performance  and 
recovery.  Generally,  two  kinds  of  analysis  have 
prevailed.  One  approach  treats  the  compressor  or 
compressor  stages  as  lumped  control  volumes  with  stage  or 
overall  compressor  pressure  forces  and  shaft  work 
considered  known  from  experimentally  determined  unstalled 
and  in-stall  compressor  characteristics.  To  account  for 
the  dynamics  of  the  stall  event,  which  requires  several 
rotor  revolutions  to  reach  quasi-steady  operation,  time 
lags  are  imposed  on  these  characteristics.  Changes  are 
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made  to  compressor  exit  boundary  conditions,  such  as 
pressure  and  temperature  levels,  and  dynamic  responses  are 
predicted.  The  other  strategy  is  directed  toward 
understanding  details  of  the  flow  field  within  the 
compressor  at  off-design,  and  based  on  this  understanding, 
predicting  the  performance  of  the  compressor  when  a 
perturbation  is  imposed.  Due  to  the  complexity  of  the 
second  approach,  which  requires  three-dimensional, 
nonlinear  theory,  the  lumped  control  volume  approach  is 
considered  more  likely  to  affect  near  term  compressor 
designs . 

The  lumped  volume  approach  requires  that  the  dynamic 
performance  of  the  compression  system  be  defined  as  a 
global  phenomenon  with  each  local  component  of  the  system 
being  individually  modeled.  The  system  local  components 
consist  of  large  plenum  volumes  and  ducts  upstream  and 
downstream  of  the  compressor,  the  multistage  compressor 
and  the  compressor  discharge  throttle.  The  multistage 
compressor  component  can  be  modeled  as  either  a  single 
volume  with  compressor  rotor  shaft  work  and  pressure 
forces  input  or  as  a  series  of  smaller  volumes  for  each 
stage  with  the  stage  shaft  work  and  pressure  forces  input. 
The  discharge  throttle  component  is  model  as  a  step  drop 
in  total  pressure.  The  dynamics  of  the  ducts,  volumes  and 
discharge  throttles  are  well  understood.  Little  is 
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presently  known,  however  about  the  dynamics  of  stalling 
compressor  stages .  Several  computer  code  models  of 
low-speed  axial-flow  compressors  have  been  developed  based 
on  these  lumped  control  volume  concepts  and  a  small  amount 
of  low-speed  compressor  stall  data  (see  Refs.  [3],  [4], 

[5],  [6]).  These  models  predict  performance  of  low-speed, 

low-pressure-ratio  test  compressors  during  stalling, 
operating  in-stall  and  recovering  from  stall .  In  general 
for  low-speed,  low-pressure-ratio  compressors  they  predict 
this  performance  well.  They  do  not  address  the  effects  of 
compressibility  and  off-design  stage  matching  present  in 
high-speed  multistage  compressors,  effects  that  must  be 
considered  if  modern  multistage,  high-speed, 
high-pressure-ratio,  axial-flow  compressor  in-stall 
performance  is  to  be  predicted.  Models  have  been 
developed  by  Koff  et  al.  [7]  and  Davis  and  O'Brien  [8]  to 
address  the  aspects  of  off-design  stage  matching  and 
compressibility  present  in  high-speed  multistage 
compressors.  These  models  have  not  yet  been  fully 
exercised  because  only  a  very  limited  amount  of 
experimental  data  from  high  pressure  ratio  multistage 
compressors  exists  presently. 

This  report  documents  some  of  the  results  of  an 
experiment  which  involved  in-stall  operation  of  a 
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10-stage,  high-speed,  high-pressure-ratio  axial-flow 
compressor.  The  experiment  was  designed  to  investigate 
the  component  performance  of  an  axial -flow  compressor 
while  stalling  and  operating  in  rotating  stall.  No 
attempt  was  made  to  simulate  complete  engine  system 
responses  to  compressor  stalling  which  would  apply  more 
directly  to  gas  turbine  engine  recoverability.  It  is 
envisioned  that  the  analysis  of  results  from  this 
component  test  will  provide  important  information  and 
additional  insight  necessary  to  continue  development  and 
improvement  of  models  that  predict  high-speed,  multistage, 
axial-flow  compressor  stall  performance  and  recoverability 
within  an  gas  turbine  engine  system. 
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II.  LITERATURE  REVIEW 


To  meaningfully  review  the  status  of  past  compressor 
rotating  stall  and  surge  research,  several  notions 
about  stall  and  surge  must  be  addressed.  These  notions 
about  the  performance  of  compressors  in  stall  or  surge  have 
been  largely  developed  from  single-stage  and  low-speed 
multistage  compressor  research.  More  recently  these 
notions  have  been  examined  carefully  and  modified  using 
information  obtained  from  high-speed  multistage  compressor 
stall  and  surge  research.  Existing  important  stall/surge 
theories  described  in  the  open  literature,  are  reviewed. 

The  relationship  of  these  theories  to  the  10-stage 
compressor  test  results  presented  in  this  report  are 
discussed. 

Current  compressor  design  procedures  must  consider 
compressor  recoverability  from  stall.  The  need  for  this 
requirement  surfaced  in  the  mid-1970s  when  recovery 
problems  with  a  production  augmented  turbofan  engine 
occurred.  Early  production  models  of  the  engine  were 
susceptible  to  stagnation  [9],  defined  as  a  condition 
characterized  by  the  engine  no  longer  responding  to 
throttle  commands  while  the  compressor  operated  in 
rotating-stall .  Stagnation  occurred  when  compressor 
operation  changed  from  a  surge  like  condition  into 
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rotating-stall  after  autoignition  of  raw  fuel  in  the 
augmentor  tube.  Once  into  rotating-stall,  the  engine  would 
require  shutdown  and  restarting  to  clear  the  instability . 
Research  efforts  aimed  at  investigation  of  multistage 
compressor  recoverability  and  development  of  designs  with 
improved  recoverability  increased  appreciably  after  this 
problem  was  recognized. 

Therefore,  much  experimental  and  theoretical  effort 
has  been  expended  on  determining  what  parameters  are 
important  to  compressor  recoverability  and  on  incorporating 
these  parameters  into  modeling  codes .  Topics  that  are 
important  when  considering  compressor  recoverability  are: 

Surge/rotating-stall  boundary  speed 
In-stall  performance  characteristics 
"Zonal"  compressor  performance 
Recovery  hysteresis  extent 
Active  control 

Research  on  each  of  these  subjects  will  be  summarized 
in  this  literature  review. 
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A.  Surge/Rotating-stall  Boundary  Speed 

Surge  is  a  more  recoverable  condition  than  rotating 
stall,  as  defined  in  Section  I.  Therefore,  it  is  important 
to  understand  what  compressor  parameters  will  influence 
whether  the  compressor  will  surge  or  operate  in 
rotating-stall  after  initial  stalling.  The  surge/rotating 
stall  boundary  was  defined  earlier  in  Section  I  (See  Figure 
1.4).  To  determine  parameters  affecting  the  surge/rotating 
stall  boundary,  Greitzer  [3], [4]  developed  a  non-linear, 
one-dimensional  model  of  a  compression  system  with  the 
compressor  and  its  ducting  replaced  by  an  actuator  disk, 
across  which  a  pressure  rise  occurred,  and  fluid  in  a 
constant  area  pipe.  The  discharge  throttle  was  modeled  as 
an  actuator  disk,  across  which  a  pressure  drop  occurred, 
and  fluid  in  a  constant  area  duct.  Compressor  pressure 
rise  as  a  function  of  mass  flow  was  provided  by 
experimental  data.  To  account  for  lag  between  the  onset  of 
compressor  instability  and  the  establishment  of  fully 
developed  rotating  stall,  a  first  order  transient  response 
model  for  the  pressure  rise  across  the  compressor  (modeled 
as  an  actuator  disk)  was  adopted. 

The  model  indicated  that  the  major  determining  factor 
for  instability  type,  surge  or  rotating  stall,  was  the 
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ratio  of  the  proportions  of  two  forces,  pressure  forces  and 
inertial  forces.  Measurements  of  overall  transient 
compressor  performance  were  obtained  for  a  low-speed 
three-stage  compressor  with  a  variable  volume  discharge 
plenum  attached.  From  tests  it  was  determined  that  this 
ratio,  termed  "B" ,  would  predict  surge  when  greater  than 
0.8  and  rotating  stall  when  less  than  0.8. 

This  "B"  parameter  could  be  used  to  predict  the  nature 
of  the  instability,  either  surge  or  rotating  stall,  in 
low-speed  compressors.  However,  the  "B"  parameter  was  not 
sufficient  for  high-speed  compressors  according  to  Moore 
and  Greitzer  [6,10,11].  Their  analysis  indicated  that  in 
addition  to  the  "B"  parameter  (previously  defined  as 
critical  to  low  speed  prediction) ,  compressor 
length-to-diameter  ratio  can  affect  whether  a  high-speed 
compression  system  response  to  an  instability  is  surge  or 
rotating  stall.  The  length-to-diameter  ratio  is  important 
in  multistage  compressor  designs  because  of  inherent 
increased  overall  compressor  length.  Compressors  having 
lower  length-to-radius  ratios  appeared  to  be  more  likely  to 
surge . 

Small  and  Lewis  [12]  used  the  "B"  parameter  to 
determine  an  exit  volume,  other  than  nominal  that  would 
result  in  stalling  of  their  high-speed  three-stage 
compressors  at  speeds  near  100  percent  of  design.  They 
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discovered  however,  that  surge/rotating  stall  boundary 
speed  was  only  shifted  by  a  few  percent  from  the  boundary 
speed  associated  with  the  nominal  volume.  This  indicated 
that  more  sophisticated  models  are  required  to  predict  the 
surge/rotating  stall  boundary  speed  of  high-speed 
multistage  compressors. 

Davis  and  O'Brien  [8]  reported  recently  that  inlet 
resistance  to  flow  in  a  multistage  compressor  had  an  effect 
on  the  surge/rotating  stall  boundary.  Their 
one-dimensional  compressible  multistage  control  volume 
model  indicated  that  increased  inlet  resistance  resulted  in 
increased  surge/rotating  stall  boundary  speed. 

B.  In-stall  Performance  Characteristics 

Research  to  date  has  shown  that  it  is  difficult  to 
design  a  multistage  compressor  that  will  surge  rather  than 
stall  over  all  operating  speeds.  Therefore,  consideration 
must  be  given  to  improving  rotating  stall  recovery 
characteristics  of  multistage  compressors.  Prediction  of 
in-stall  performance  of  a  multistage  compressor  is  critical 
for  determining  the  parameters  that  effect  recovery  from 
stall . 

Low-speed  compressor  test  results  reported  by  Day  et 
al.  [13]  and  Rostafinski  [14]  indicated  that  the 


determination  of  in-stall  performance  of  multistage 

compressors  can  be  based  on  the  hypothesis  that  a  stage  in 

rotating  stall  generates  a  constant  nondimensional 

total-to-static  pressure  rise  (defined  as  exit  static 
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pressure  -  inlet  total  pressure/pu  )  independent  of 
geometry.  This  nondimensional  pressure  rise  is  set  by  the 
stall  cell  blockage  percent.  At  shutoff,  the 
nondimensional  pressure  rise  is  assumed  to  be  0.11  for  all 
compressor  stages . 

Small  and  Lewis  [12]  concluded  from  their  high-speed 
three-stage  compressor  test  data  that  contrary  to  Day 
et  al.'s  [13]  conclusion  based  on  low-speed  compressor 
tests,  stall  headrise  was  not  a  constant  per  stage,  but 
varied  with  compressor  speed.  This  conclusion  of  Small  and 
Lewis  is  supported  by  the  results  from  the  10-stage  test 
described  in  this  dissertation.  Therefore  the  concept  of  a 
constant  headrise  per  stage  is  not  generally  valid  for 
high-speed  multistage  compressors. 

The  importance  of  stage  pressure  rise  and  temperature 
rise  characteristics  is  apparent  when  reviewing  control 
volume  models  developed  to  predict  compressor  stall 
performance.  Models  developed  by  Davis  and  O'Brien  [8], 
and  by  Greitzer  [3]  require  experimentally  determined, 
reverse  flow,  in-stall  and  unstalled  characteristics  for 
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inputs  of  pressure  forces  and  shaft  work  into  the  control 
volume.  These  characteristics  have  been  determined  in 
low-speed  compressor  tests  by  Greitzer  [4],  and  Koff  and 
Greitzer  [15].  Koff  and  Greitzer  [15]  determined  an 
axisymmetric  compressor  characteristic  from  surge  test  data 
for  a  two-dimensional  reversed  flow  model.  They  defined  a 
method  for  determining  compressor  axisymmetric 
characteristics  based  on  blade  geometry. 

In  an  effort  to  determine  reverse  flow  compressor 
characteristics,  Gamache  and  Greitzer  [16]  reported  results 
obtained  from  a  multistage  low-speed  compressor  operating 
in  the  reverse  flow  regime .  These  results  indicated  a 
discontinuity  between  rotating  stall  operation  at  small 
negative  flow  coefficients,  and  annulus  stall  flow  for 
larger  negative  flow  levels.  Stage  flow  field 
characteristics  for  annulus  stalled  reverse  flows  were  also 
considered. 

Small  and  Lewis  [12]  concluded  that  steady  state, 
stalled  performance  modeling  efforts  require  quasi-steady, 
in-stall  operation  characteristics  since  these  conditions 
are  needed  to  quantify  the  equilibrium  point  that  drives 
the  dynamic  event.  Contrary  to  this,  Moore  [5]  concluded 
that  based  on  a  time  scale  evaluation  of  stall  cell 
formation  and  mass  flow  change  time,  information  obtained 
from  a  steady-state  compressor  test  with  the  compressor 
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operating  in  rotating  stall  may  not  be  representative  of 
performance  during  rapid  post  stall  transients. 

Overall  high-speed  compressor  in-stall  characteristics 
were  determined  by  Small  and  Lewis  [12]  for  a  3-stage 
compressor,  and  by  Hosny  and  Steenken  [17]  in  a  10-stage 
compressor.  Small  and  Lewis  [12]  reported  nearly 
horizontal  in-stall  pressure  rise  characteristics. 

Hosny  and  Steenken  [17]  indicated  that  the  overall  in-stall 
characteristics  were  flat  at  lower  speeds  and  increased  in 
slope  at  higher  speeds. 

The  goal  in  the  prediction  of  compressor  stalled 
performance  and  recovery  is  to  use  stage  geometry  to 
predict  characteristics  necessary  as  input  to  the  lumped 
volume  models.  Differences  between  isolated  stage 
performance  and  "stacked"  stage  performance  were  defined  in 
early  research  by  Huppert  and  Benser  [18]  .  They  pointed 
out  that  in  single-stage  compressor  tests,  the  recovery 
hysteresis  of  the  stage  characteristic  was  often 
overlooked.  They  also  suggested  that  discontinuities  and 
double  valued  characteristics  must  be  considered  in 
predicting  multistage  characteristics . 

Urasek  et  al.  [19]  tested  an  isolated  first  stage  of  a 
five-stage  high-speed  compressor  to  determine  part-  peed 
performance  for  unstalled  and  in-stall  operation.  Urasek 
reported  from  unpublished  data  that  during  part  speed 
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operation  of  the  five-stage  compressor  the  first  stage 
remained  in  or  near  stall.  In-stall  performance  of  the 
stage  had  not  been  predicted  during  design,  and  therefore 
stage  matching  at  part  speeds  was  difficult.  These  tests 
indicated  the  need  to  deal  with  matching  of  stages  in  a 
multistage  compressor  with  one  or  more  stages  operating  in 
rotating  stall.  The  isolated  rotor  operating  in  stall 
produced  increases  in  total  temperature  and  decreases  in 
total  pressure  as  the  mass  flow  was  reduced  to  deep  stall 
levels .  It  was  noted  during  tests  of  the  five-stage 
compressor  that  the  stall  line  of  the  first  stage  at  design 
speed  shifted  to  somewhat  lower  flow  in  the  multistage 
environment . 

Recent  research  by  Giannissis  et  al .  [20]  indicated, 
based  on  results  from  tests  on  a  mismatched  three-stage 
compressor,  that  interaction  between  stages  is  high  when 
operating  in  rotating  stall. 

The  relatively  large  amount  of  research  in  determining 
in-stall  and  reverse  flow  compressor  characteristics 
indicates  that  the  prediction  of  these  characteristics, 
based  on  compressor  design,  is  extremely  important  to  the 
improvement  of  prediction  models. 
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C.  "Zonal"  Compressor  Performance 

When  a  compressor  is  driven  into  rotating  stall 
operation,  portions  of  the  annulus  are  blocked  by  the 
stalling  of  a  packet  of  blades.  Since  only  a  portion  of 
the  annulus  is  blocked  by  the  stall  cell,  there  exist 
different  circumferential  zones  of  operation.  Each  zone 
has  variations  in  temperature,  pressure  and  flow  from 
other  zones . 

Early  measurements  by  Iura  and  Rannie  [ 21 ]  in  a 
four-stage  low-speed  compressor  indicated  that  regions  or 
"zones"  of  propagating  stall  exists  in  a  compressor  when  it 
operates  in  rotating  stall.  These  measurements  were 
compared  with  predicted  information  about  propagating  stall 
in  a  two  dimensional  cascade  from  theories  based  on  single 
airfoil  stalling  developed  by  Sears  [22]  and  Marble  [23] . 
The  comparisons  indicated  rotating  stall  speed  in 
compressors  may  not  be  accurately  predicted  by  theories 
based  on  isolated  airfoil  stalling  responses.  The  rotating 
stall  performance  theories  developed  by  Sears  and  Marble 
along  with  those  developed  by  Stenning  et  al .  [24],  Emmons 

et  al .  [25],  and  more  recently  by  Sexton  and  O'Brien  [26] 

were  developed  primarily  in  an  effort  to  determine  the 
rotating  stall  propagation  speed  from  blade  geometry. 

These  theories  are  based  on  the  knowledge  that  the  stalled 
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and  unstalled  zones  exists  within  the  compressor  annulus 
during  rotating  stall  operation. 

Takata  and  Nagano  [27]  developed  a  two-dimensional, 
nonlinear,  inviscid,  incompressible  flow  theory  that 
predicts  stall  cell  numbers  and  propagation  velocity.  The 
nonlinear  theory  addressed  the  hysteresis  associated  with 
unstalling  a  blade  row.  Research  into  hysteresis  extent  in 
multistage  compressors  will  be  discussed  further  in  the 
next  subsection. 

Because  of  the  zonal  operation  of  the  compressor  while 
in  rotating  stall,  compressor  unsteady  performance  has  been 
modeled  such  that  zones  of  the  compressor  operate 
differently  in  rotating  stall.  The  approach  is  an 
extension  to  the  one-dimensional  control  volume  approach, 
in  that  another,  circumferential  dimension  exists. 

Dunham  [28]  proposed  that  the  overall  stalled  flow  of 
a  compressor  could  be  determined  from  its  two-valued 
pressure  rise  characteristic.  This  was  a  two-dimensional 
approach  to  determining  compressor  stalled  performance. 

This  approach  has  been  extended  to  multistage  theories  for 
determination  of  compressor  stalled  flow  levels .  It  was 
reported  by  Dunham  [28]  that  throttle  movements  alter  only 
the  extent  of  the  stalled  region,  and  that  the  fluid 
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velocity  within  the  region  was  unchanged.  Intersection  of 
the  throttle  characteristic  determines  the  operating 
region . 

Mazzawy  [29]  proposed  that  performance  of  a 
multistage,  axial-flow  compressor  could  be  considered  as 
consisting  of  two  characteristics  during  in-stall  operation 
and  that  a  multiple  segment  parallel  compressor  model  could 
be  used  to  predict  in-stall  performance.  This  model  was 
initially  developed  to  predict  compressor  performance  with 
circumferential  flow  distortion.  Th  s  concept  was 
subsequently  used  as  the  basis  for  in-stall  performance 
prediction,  since  the  stalled  region  in  a  compressor  is 
like  a  rotating  flow  distortion. 

Koff  et  al .  [7]  utilized  the  parallel  compressor 

model  in  developing  a  zonal  analysis  for  the  prediction  of 
multistage  compressor  performance  and  recoverability  during 
rotating  stall  operation.  The  stalled  compressor  annulus 
was  divided  into  four  circumferential  control  volumes, 
unstalled  flow,  stalled  flow,  and  two  transition  regions  on 
the  leading  and  trailing  planes  of  the  stalled  flow.  These 
transition  regions  were  found  to  be  critical  for  setting 
the  pressure  rise  in  rotating  stall.  By  varying  model 
parameters,  such  as  back  flow  characteristics,  they 
concluded  that  a  steeper  backflow  characteristic  would 
result  in  a  higher  pressure  rise  level  rotating-stall 
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performance  characteristic  and  therefore  a  more  recoverable 
design.  A  steeper  backflow  characteristic  can  be  obtained 
by  larger  blade  stagger  angles. 

Detailed  measurements  of  a  three  stage  compressor 
operating  in  deep  rotating  stall  were  obtained  by  Day  [30] 
and  Day  and  Cumpsty  [31] .  Their  results  indicated 
fundamental  flow  field  characteristics  of  rotating  stall  in 
a  low  speed  multistage  compressor.  It  was  reported  that 
the  stall  cell  extends  over  the  full  span  of  the 
rotor-stator  and  axially  from  compressor  entrance  to  exit. 
Their  measurements  also  indicated  the  stalled  region  was 
not  a  wake  region  where  flow  could  not  pass,  but  instead  a 
region  where  flow  would  be  drawn  through  from  cell  exit  to 
entrance  by  the  rotor.  In  addition,  the  notion  of  a 
parallel  or  "zonal"  compressor  model  was  supported  by 
measurements  made.  That  is,  the  unstalled  region  of  flow 
can  be  considered  to  operate  as  an  unstalled  compressor 
creating  the  same  exit  static  pressure  as  the  stalled 
region.  The  compressor  can  be  considered  to  operate  on  two 
branches  of  the  characteristic,  one  the  stalled  branch  and 
the  other  the  unstalled  branch.  Both  branches  will  produce 
matching  exit  static  pressure.  This  information  spurred 
new  theories  about  rotating  stall  and  has  since  been  used 
as  the  basis  for  most  model  comparisons. 
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The  low  speed  test  results  by  Day  and  Cumpsty  [31] 
supported  the  assumption  that  the  axial  extent  of  the 
zones,  either  stalled  or  unstalled,  were  the  full  length  of 
the  compressor.  Therefore  analysis  to  date  has  not 
considered  a  variation  in  the  axial  direction.  Hosny  et 
al .  [1]  reported  that  the  rotating  stall  was  confined 

primarily  to  the  rear  stages  of  the  compressor  in  the 
energy  efficient  engine  compressor  test.  Giannissis  et  al . 

[20]  found  in  a  mismatched  three  stage  axial  flow 
compressor  that  the  first  stage  operated  free  of  stall 
while  the  second  and  third  were  operating  in  stall .  The 
downstream  stall  was  seen  by  the  first  stage  as  a  rotating 
distortion.  The  notion  that  the  stall  cell  may  not  extend 
the  full  length  of  the  compressor  is  supported  by  the 
results  of  the  10-stage  compressor  data  presented  in 
Section  VII . 

Temperature  variations  both  axial  and  circumferential 
are  important  to  the  understanding  of  stalled  compressor 
performance .  Research  in  determining  the  temperature 
variations  in  a  compressor  operating  in  rotating  stall  has 
been  limited.  Small  and  Lewis  [12]  reported  from  their 
high-speed  three-stage  compressor  test  that  the  highest 
internal  temperature  due  to  rotating  stall  was  at  the 
trailing  edge  of  stator  one,  not  at  the  compressor  exit  as 
suggested  from  low  speed  results.  Na'covska'  [32]  also 
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concluded  from  four-stage  axial-flow  compressor  test  data 
that  while  operating  in  rotating  stall  the  compressor 
discharge  temperatures  were  lower  than  temperatures  between 
blade  rows  within  the  compressor.  The  results  on 
temperature  rise  through  the  compressor  presented  by  Small 
and  Lewis,  and  Na'covska'  are  supported  by  the  10-stage 
test  compressor  results  presented  in  Section  VII. 

In  addition  to  different  temperature  zones  within  a 
compressor  operating  in  rotating  stall,  there  has  also  been 
reported  that  zones  of  flow  in  the  reverse  direction  exist . 
Test  results  by  Small  and  Lewis  [12]  in  a  high-speed 
compressor  and  by  Day  and  Cumpsty  [31]  in  a  low-speed 
compressor  both  indicate  there  are  zones  of  high  reverse 
flows  within  a  compressor  operating  in  rotating  stall. 

These  trends  provide  support  for  the  10-stage  test  results 
presented  in  Section  VII. 

The  research  reviewed  in  this  subsection  suggests  that 
rotating  stall  in  a  multistage  compressor  is  a  zonal 
phenomena.  The  research  on  the  10 -stage  compressor 
presented  in  this  report  clarifies  the  critical  influence 
of  these  zones  of  stalled  flow  on  the  recoverability  of  a 
compressor.  The  recovery  hysteresis  is  affected  by  the 
performance  of  the  stalled  zone. 
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D.  Recovery  Hysteresis 

Huppert  and  Benser  [18]  pointed  out  that  double  branch 
performance  curves  (hysteresis  loops  as  defined  in  Section 
I)  had  been  obtained  for  a  multistage  compressor  having  a 
small  discharge  volume.  Recovery  hysteresis  is  primarily 
associated  with  high-speed  multistage  compressor  operation, 
although  it  does  occur  in  low-speed  compressors  also.  The 
extent  of  the  recovery  hysteresis  can,  however,  be  large  in 
high-speed  multistage  compressors .  Therefore  it  is 
important  to  determine  what  influences  hysteresis  extent  in 
multistage  compressors. 

Theories  developed  from  low-speed  compressor  tests  by 
Day  et  al .  [13]  suggested  that  compressors  will  unstall 

when  the  blockage  due  to  the  stall  cell  drops  below  30 
percent .  The  blockage  is  determined  from  the  intersection 
of  the  parabolic  throttle  line  between  the  stall  point  on 
the  compressor  characteristic  and  the  origin  with  the 
horizontal  line  between  shutoff  pressure  rise  and  the 
compressor  characteristic  as  detailed  in  Figure  2.1.  If, 
when  a  compressor  enters  rotating  stall,  the  blockage  is 
greater  than  30  percent,  Day  et  al .  predicted  that  the 
hysteresis  will  extend  until  the  blockage  drops  below  30 
percent.  They  considered  important  parameters  affecting 
recovery  hysteresis  to  be  the  number  of  stages  and  the 
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Figure  2.1  Detail  of  Day's  stall  cell  blockage  estimation  method 
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design  flow  coefficient.  The  larger  the  number  of 
stages  and  design  flow  coefficient,  the  greater  the 
recovery  hysteresis  was . 

Recent  high-speed  test  results  from  Small  and  Lewis 
[12]  and  Hosny  and  Steenken  [17]  support  the  notion  that 
recovery  does  occur  at  approximately  a  30%  annulus  blockage 
due  to  the  stall  cell.  This  may  not  be  true  for  all 
compressors  as  the  10-stage  tests  results  reported 
herein  will  show. 

Hosny  and  Steenken  [17]  also  reported  high-speed 
multistage  test  results  that  indicate  that,  based  on  mass 
flow  levels  corrected  to  the  exit  to  the  compressor, 
recovery  hysteresis  reduced  as  speed  increased.  The 
influence  of  speed  on  recovery  hysteresis  for  multistage 
compressors  is  expanded  by  the  results  from  the  10-stage 
compressor  test  considered  presently. 

E.  Active  Controls 

An  alternative  approach  to  designing  compressors  for 
maximum  recoverability  is  to  use  active  controls  to 
initiate  recovery  after  the  compressor  stalls .  Active 
controls  can  also  be  used  to  delay  stalling. 
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Research  in  the  direction  of  active  controls  was 
carried  out  by  Ludwig  et  al.  [33]  and  Ludwig  and  Nenni 
[34] .  An  active  control  system  for  a  low-speed  compressor 
stage  was  developed  and  tested.  The  system  was  able  to 
keep  the  stage  out  of  stall  for  throttle  settings  that 
would  normally  produce  stall.  More  recently,  Epstein  [35] 
proposed  a  method  to  actively  control  rotating  stall  growth 
by  creating  a  disturbance  to  counteract  the  non-uniform 
disturbance  that  initiates  rotating  stall. 

Active  control  is  a  possible  approach  to  minimize 
stalling  problems,  but  it  carries  the  penalty  of  additional 
complexity  and  weight;  both  are  undesirable  in  modern 
aircraft  gas  turbine  design  philosophies. 

F .  Summary 

The  results  of  the  literature  review  can  be 
summarized  as  follows: 

Parameters  have  been  developed  from  low-speed 
low-pressure  tests  to  predict  compressor  behavior 
(either  surge  or  rotating  stall)  after  initial  stalling. 
These  parameters  required  further  improvement  to  predict 
stalling  behavior  of  high-speed  multistage  compressors. 

Most  compressor  stall  performance  prediction  models 
require  as  input  the  unstalled,  in-stall  and  reverse  flow 
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pressure  rise  and  temperature  rise  characteristics  of  the 
compressor . 

Theories  developed  from  low-speed  low-pressure 
compressor  tests  predicting  the  in-stall  compressor 
pressure  rise  characteristics  fail  to  predict  correct 
characteristics  for  high-speed  multistage  compressors. 

Stage  interactions  in  multistage  axial  flow 
compressors  alter  in-stall  characteristics  from  those  of  an 
isolated  stage. 

Axial  flow  compressors  have  internal  zones  of  stalled 
and  unstalled  performance  which  allows  parallel  compressor 
theorie  to  be  used  as  a  stall  performance  prediction  tool. 
These  zones  may  not  extend  over  the  full  axial  length  in 
high-speed  multistage  compressors  where  stage  matching  will 
vary  with  speed. 

Compressor  tests  indicate  recovery  from  in-stall 
performance  will  occur  when  annulus  blockage  levels  from 
the  rotating  stall  cell  drop  oelow  30  percent. 

Active  controls  have  been  explored  to  a  limited  extent 
for  the  prevention  of  compressor  stall,  thereby  reducing 
the  need  to  design  compressors  for  high  stall 
recoverability . 
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III.  TEST  FACILITY 


A  10-stage  axial-flow  compressor  test  program  was 
accomplished  in  the  Wright-Patterson  Air  Force  Base,  Aero 
Propulsion  Laboratory,  Compressor  Research  Facility  (CRF) . 
The  CRF  is  designed  for  exploration  of  the  steady-state  and 
transient  behavior  of  full  scale,  multistage  gas  turbine 
engine  fans  and  compressors.  An  overall  layout  of  the  CRF 
is  shown  in  Figure  3.1.  The  facility  actually  involves 
space  in  3  different  buildings.  The  test  building  houses 
the  computer  and  control  rooms,  the  operations  building 
contains  the  test  chamber  and  signal  conditioning  room  and 
the  electrical  power  conditioning  equipment  is  located  in 
the  electrical  power  conditioning  building.  CRF  tests  are 
controlled  from  the  facility  control  room.  Commands  to 
execute  the  test  program  are  sent  from  the  control  room  to 
four  control  computers,  located  in  the  signal  conditioning 
room,  through  a  monitor  computer  located  in  the  computer 
room.  The  control  computers  provide  input  to  the 
electrical  power  conditioning  equipment  which  power  the 
drive  motors.  The  control  computers  also  control  services 
that  support  variable  geometry  devices  on  the  test 


compressor . 
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Figure  3.1  Compressor  research  facility 
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A.  Facility  Computer  Control  System 

The  four  control  computers  (Modcomp  Model#  11/45)  are 
designated  as  the  facility  control  computers  (FCC1  and 
FCC2)  and  the  test  article  control  computers  (TAC1  and 
TAC2) .  The  control  computer  configuration  is  shown  in 
Figure  3.2.  Each  of  the  primary  computers,  FCC1  and  TAC1, 
has  a  backup,  FCC2  and  TAC2,  that  shares  tasks  and  executes 
a  safe  shutdown  if  the  primary  computer  fails.  The  TAC 
computers  accept  input  from  the  test  operator  through  a 
supervisory  computer  (Modcomp  Classic  Model#  7860) 
designated  the  monitor  computer.  For  the  10-stage 
compressor  tests,  inputs  to  the  TAC  computers  included 
change  requests  for  test  article  variable  geometry, 
throttle  valve,  and  bleed  valves.  The  TAC  computers 
initiated  changes  to  the  10-stage  compressor  through 
feedback  control  logic  algorithms.  Position  was  sensed  by 
three  feedback  potentiometers  for  each  variable  device  on 
the  test  compressor.  These  changes  were  either 
preprogrammed  as  a  function  of  test  compressor  speed  or 
requested  directly  during  the  test  program.  FCC1  and  FCC2 
also  receives  input  from  the  test  operator  through  the 
monitor  computer.  These  computers  provide  inputs  to  a 
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Figure  3.2  Control  computer  configuration 
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frequency  converter  system  used  to  vary  the  frequency  of 
the  60  Hz  line  current  to  change  the  speed  of  the 
synchronous  drive  motors.  FCC1  also  receives  input  on 
facility  status  through  Allen-Bradley  Model  1774 
programmable  logic  controllers  (PLC) .  If  the  status 
indicated  by  the  controllers  was  outside  of  preset  limits 
the  FCC1  and  FCC2  initiated  appropriate  automatic  actions 
to  bring  the  facility  and  the  test  compressor  to  a  safe 
condition. 

B.  Facility  Power  Conditioning  and  Drive  Systems 

The  facility  power  conditioning  equipment  consists  of 
a  12,400  hp  (9.25  MW)  constant  speed  motor,  direct  current 
generator,  direct  current  motor  and  a  frequency  converter. 
The  12,400  hp  (9.25  MW)  motor  drives  the  direct  current 
generator.  Current  generated  by  the  DC  generator  is  varied 
to  change  the  speed  of  the  direct  current  motor.  The 
direct  current  motor  drives  a  variable  speed  frequency 
converter.  This  frequency  convertor  changes  the  frequency 
of  60  cycle  line  power  in  order  to  change  the  speed  of  the 
30,000  hp  (22.37  MW)  synchronous  electric  drive  motors.  A 
schematic  of  the  power  conditioning  equipment  is  provided 
in  Figure  3.3. 
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Figure  3.3  CRF  power  conditioning  equipme:. 
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The  power  to  drive  a  test  compressor  is  obtained  from 
a  30,000  hp  (22.37  MW)  synchronous  electric  drive  motor. 

The  test  article  speed  ranges  were  provided  through  two 
speed  increasing  gear  boxes.  A  speed  range  of  3,000  to 
15,000  RPM  was  available  for  the  10-stage  compressor  tests. 
Test  compressor  speed  changes  are  achieved  by  varying  the 
frequency  of  the  current  supplied  to  the  drive  motors. 

This  is  accomplished  from  the  control  room  by  changing 
speed  commands  to  the  monitor  computer.  The  drive 
configuration  for  the  10-stage  compressor  tests  is  shown  in 
Figure  3.4. 

C.  Facility  Flow  Conditioning  and  Measurement  Hardware 

The  10 -stage  compressor  was  mounted,  as  shown  in  Figure 
3.5,  inside  a  20.0  ft  (6.096  m)  diameter  test  chamber. 
Filtered  air  was  drawn  by  the  compressor  from  the 
atmosphere  into  the  test  chamber  plenum  through  5  inlet 
pressure  control  valves.  These  valves  were  not  utilized 
for  inlet  throttling  during  the  test  as  inlet  pressures 
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Figure  3.4  CRF  drive  configuration 


TO  ATMOSPHERE 
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Figure  3.5  10-stage  test  compressor  installation 
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below  atmosphere  were  not  required.  Flow  conditioning 
elements,  shown  in  Figure  3.6,  are  mounted  in  the  plenum  to 
reduce  the  free  stream  turbulence  intensity  to  levels  below 
one  percent.  Each  flow  conditioning  element  consists  of  2 
screens,  a  honeycomb,  and  a  support  structure.  A  strut 
sting  arrangement  was  positioned  within  the  plenum  upstream 
of  the  test  compressor  (see  Figure  3.6) .  This  strut 
allowed  passage  of  pressurized  air  and  freon  to  the 
compressor  slip  ring.  It  also  provided  a  route  from  the 
test  compressor  for  information  from  the  front  mounted  slip 
ring. 

Air  was  discharged  from  the  test  compressor  discharge 
throttling  valve  to  the  atmosphere  through  a  facility 
discharge  collector  and  discharge  ducting  (see  Figure 
3.5) .  The  10-stage  compressor  exit  flow  was  measured  with 
a  19  in.  (48.26  cm)  throat  diameter  venturi  positioned  in 
the  discharge  ducting  approximately  100  ft  (30.48  m)  (25 
pipe  diameters)  downstream  of  the  compressor  exit.  The 
10-stage  test  compressor  in-stall  mass  flow  rate  was 
determined  with  this  venturi. 


FLOW  CONDITIONING  BARREL 
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Figure  3.6  CRF  flow  conditioning  screens 
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D.  Facility  Data  Acquisition  System 

Data  acquired  from  the  test  compressor  were  obtained 
by  requesting  the  desired  data  type,  time-averaged  or 
close-coupled,  from  the  control  room  through  the  monitor 
computer.  The  request  was  transferred  from  the  monitor 
computer  to  the  data  acquisition  computer  (DAC) .  The  DAC 
is  a  Modcomp  Classic  Model#  7860  computer  located  in  the 
signal  conditioning  room.  The  DAC  interfaces  with  the 
Preston  high  performance  data  acquisition  system  (HPDAS) 
which  provides  for  excitation,  signal  conditioning  and 
sampling  of  the  time-averaged  and  close-coupled  measurement 
transducers .  The  HPDAS  acquires  data  from  its 
analog-to-digital  converter  and  associated  multiplexer  at  a 
rate  of  50,000  samples  per  second  across  640  available 
channels.  The  digitized  data  in  raw  form  were  transferred 
thr  gh  the  DAC  and  the  auxiliary  computer  to  the  main 
computer,  an  IBM  4341,  in  the  computer  room.  The  main 
computer's  primary  task  is  to  transfer  raw  data  to  digital 
tape  for  post  test  reduction.  As  processing  time  was 
available  during  testing,  the  main  computer  converted 
samples  of  the  data  into  engineering  units  for  display  on  6 
IBM  3277  display  terminals.  A  schematic  of  the  CRF  data 
acquisition  system  is  shown  in  Figure  3.7.  Further  details 
about  the  data  acquisition  system  for  che  10-stage 
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Figure  3.7  CRT  data  acquisition  system 
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compressor  test  program  are  provided  in  Section  V. 

In  addition  to  data  acquisition,  the  HPDAS  was 
utilized  to  obtain  automatic  zero  calibration  of  amplifiers 
and  pressure  calibration  of  pressure  transducers. 
Calibration  standard  pressures  are  provided  from  quartz 
pressure  controllers .  Temperature  measurements  are 
obtained  through  the  HPDAS  utilizing  universal  temperature 
reference  (UTR)  blocks  as  cold  junction  references  for 
thermocouples.  The  UTR  block  temperature  was  determined 
with  resistance  temperature  detectors.  The  UTR  block 
temperature  equivalent  voltage  was  added  to  the 
thermocouple  voltage  to  determine  temperature. 

Analog  measurements  were  obtained  through  the  facility 
analog  recording  system.  High-response  data  from  the  test 
compressor  were  filtered  and  amplified  by  signal 
conditioners  located  in  the  signal  conditioning  room. 

These  data  were  then  displayed  and  recorded  at  the 
aeromechanics  station  in  the  control  room.  This  station 
had  144  monitoring  oscilloscopes  for  analog  data  monitoring 
during  test  periods.  Analog  recording  was  accomplished  as 
required  by  manually  starting  the  tape  recorders  located  at 
the  aeromechanics  station  in  the  control  room. 
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IV.  TEST  COMPRESSOR 


The  compressor  used  in  the  test  program  was  a 
10-stage  axial-flow  high-pressure  compressor  from  a  modern 
high-performance  aircraft  gas  turbine  engine.  To  avoid 
confusion  when  comparisons  are  made  with  other  test 
vehicles  the  compressor  used  in  the  Lest  program  will  be 
referred  to  as  the  CRF  test  compressor  or  test  compressor. 
The  CRF  test  compressor  had  a  design  pressure  ratio  of  8.3, 
a  design  corrected  speed  of  10, 913  rpm,  and  a  design 
corrected  mass  flow  of  54.44  lb/sec  (24.69  kg/sec) .  The 
test  compressor  was  a  refurbished  compression  component  of 
an  aircraft  gas  turbine  engine  that  was  removed  from 
service .  The  inlet  and  discharge  sections  of  the  test 
compressor  were  custom  designed  to  interface  the  engine 
compression  section  to  the  CRF  and  still  provide  flow 
conditions  similar  to  those  within  the  engine.  The 
CRF  test  compressor  is  shown  in  Figure  4.1.  The 
description  of  the  test  compressor  will  be  presented  in  two 
sections,  compressor  hardware,  and  compressor 


instrumentation . 
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A.  Compressor  Hardware 

The  CRF  test  compressor  was  designed  with  three 
primary  sections,  inlet,  compression  section,  and 
discharge  (see  Figure  4.1).  The  inlet  and  the  discharge 
were  custom  designed  to  interface  with  the  CRF  test 
chamber,  while  the  compression  section  was  from  the 
aircraft  gas  turbine  engine.  Each  section  will  be 
described  individually  below. 

L*.  Inlet 

The  inlet  to  the  test  compression  section  was  made  up 
of  four  primary  components,  bellmouth,  radial  distortion 
screens,  preswirl  vanes,  and  inlet  adapter  duct.  The  inlet 
section  is  shown  in  detail  in  Figure  4.2.  The  bellmouth 
section  consisted  of  a  fiberglass  long-throat  ASME 
elliptical  design  bellmouth  and  an  inner  flowpath  assembly. 
The  inner  flowpath  assembly  provided  a  smooth  outer  casing 
for  the  slip-ring  assembly.  Compressor  rotor  blade  strain 
measurements  were  routed  through  the  front  mounted 
slip-ring.  The  radial  distortion  screen  and  preswirl  vane 
assembly  were  attached  to  the  exit  of  the  bellmouth 
section.  The  screens  and  preswirl  vanes  were  designed  to 
create  a  radial  distortion  of  total  pressure  and  flow  swirl 
angle  that  was  similar  to  upstream  fan  exit  distortion 


Figure  4.2  Test  compressor  inlet  section 
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patterns  in  the  engine  at  design  speeds.  Details  about  the 
screen  and  preswirl  vane  configuration  can  be  found  in  Ref. 
[36] .  The  inlet  adapter  duct  was  designed  to  provide  for  a 
smooth  transition  for  the  flow  into  the  compression  section 
inlet . 

2_t.  Compression  section 

The  test  compression  section  was  assembled  from  gas 
turbine  engine  hardware .  The  engine  was  designed  with  a 
three-stage  fan,  ten-stage  high-pressure  compressor, 
compressor  bypass  ducting,  compressor  diffuser  section, 
combustor,  turbine  and  exhaust  nozzle.  The  10-stage  test 
compression  section,  as  shown  in  Figure  4.3,  consisted  of 
the  inlet  case  section,  the  high-pressure  compressor, 
diffuser,  and  combustor  section  from  the  engine.  The  inlet 
case  section  from  the  engine,  defined  as  the  intermediate 
case,  was  designed  with  a  flow  splitter  to  split  the  fan 
flow  between  the  engine  high-pressure  compressor  and  the 
bypass  ducting.  The  splitter  acted  as  the  outer  annulus 
flow  path  wall  for  the  CRF  test  compressor,  as  bypass  flow 
was  not  simulated.  The  splitter  and  front  bearing  housing 
were  supported  by  8  airfoil  shaped  struts  evenly  spaced 
around  the  circumference  of  the  intermediate  case.  At  the 
exit  of  the  intermediate  case,  inlet  guide  vanes  (IGV)  were 
positioned  to  establish  the  air  flow  angle  into  the  test 
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Figure  4.3  Test  compressor  compression  section 
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compressor.  Each  vane  was  connected  to  a  sync-ring 
assembly,  thereby  assuring  uniform  positioning  of  all 
vanes .  The  position  of  the  IGVs  was  determined  from  three 
potentiometers  connected  to  vane  shafts.  Their  position 
was  controlled  through  the  test  facility  position  control 
system  described  in  Section  III.  Mechanical  problems  with 
two  of  the  IGV  potentiometer  couplings  required  that 
control  be  determined  from  a  single  potentiometer. 

The  10-stage  compressor  was  positioned  behind  the 
inlet  guide  vanes  beginning  with  the  first  stage  rotor. 

The  first  and  second  stage  stators  were  connected  with  a 
sync-ring  assembly  like  the  inlet  guide  vanes  were.  The 
sync-ring  assemblies  for  the  IVGs,  stator  one,  and  stator 
two  could  be  varied  independently  of  each  other.  The  first 
and  second  stage  stator  vane  positions  were  determined  with 
three  potentiometers  each. 

The  test  compressor  had  both  internal  and  external 
airflow  bleeds.  The  internal  bleed  flows  were  designed  for 
cooling  internal  engine  components.  These  bleed  flow 
losses  were  from  the  third  and  tenth  stages  (see  Figure 
4.3) .  An  additional  internal  flow  loss  existed  due  to  the 
passive  thrust  balance  system.  Fluw  was  lost  across  the 
seals  between  the  rotating  piston  and  stationary  case.  The 
thrust  balance  system  was  designed  with  a  balance  piston 
pressurized  with  discharge  air,  to  overcome  rotor  thrust. 


57 


The  flow  from  the  internal  stage  bleeds  and  the  balance 
piston  were  not  actively  controlled  during  the  test.  Flow 
losses  were  determined  through  calibrations  of  the  orifices 
and  seals,  conducted  prior  to  the  test  program.  The  flow 
lost  overboard  from  these  bleeds  was  on  the  order  of  five 
percent  of  the  total  flow.  An  external  bleed  flow  valve 
from  the  fourth  stage  was  actively  controlled  and  the  flow 
was  measured  through  ASME  standard  nozzles.  This  bleed 
valve  was  held  closed  during  the  CRF  10 -stage  compressor 
test  described  here. 

Figure  4.4  defines  the  stage  description  for  the 
CRF  test  compressor.  Stage  performance  is  obtained  from  a 
stator-rotor  combination  rather  than  the  conventional 
rotor-stator  definition.  Defining  the  stage 
characteristics  from  the  stator-rotor  performance  was 
required  because  the  instrumentation  was  mounted  on  stator 
leading  edges.  All  stage  characteristics  presented  follow 
the  grouping  of  stator-rotor  as  defined  in  Figure  4.4. 

3 .  Discharge 

The  discharge  section  was  attached  to  the 
compression  system  exit.  This  assembly,  shown  in  Figure 
4.5,  consisted  of  the  diffuser,  combustor,  variable  volume 
adapter,  discharge  valve,  facility  mounting  hardware  and 
discharge  flow  ducting.  The  diffuser  and  combustor  were 
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located  downstream  of  the  test  compressor.  The  actual 
engine  combustor  was  replaced  with  a  filler  volume.  The 
filler  volume  was  used  to  reduce  the  total  exit  volume  of 
the  test  compressor  to  below  30%  of  engine  nominal  volume 
levels.  The  filler  volume  was  designed  to  simulate  the 
correct  air  flow  path  into  the  combustor,  and  reduce  actual 
engine  combustor  volume  level . 

The  variable  volume  adapter  was  designed  to  allow  for 
exit  volume  changes  without  removing  the  CRF  test 
compressor  from  the  facility.  The  variable  volume  adapter 
in  conjunction  with  the  filler  volume  allowed  for  testing 
with  volumes  of  nominal  and  +  20  percent  of  the  engine 
volume  level.  The  discharge  valve  was  connected  to  the 
variable  volume  adapter  and  was  designed  in  a  shutter  type 
arrangement,  with  two  parallel  radially  slotted  plates. 

One  plate  was  rotated  relative  to  the  other  to  change 
discharge  flow  areas.  The  valve  position  was  measured  by 
three  linear  potentiometers,  and  controlled  by  the  facility 
discharge  valve  control  system.  The  mounting  hardware  was 
designed  to  align  the  test  compressor  to  the  facility  drive 
system  and  support  one  half  of  the  total  compressor  weight. 
The  remaining  load  was  supported  by  a  facility  front  mount 
ring  at  the  front  of  the  compression  section.  The  exit  air 
ducting  was  designed  to  route  the  compressor  airflow  from 
the  discharge  valve  to  the  facility  collection  torus. 
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B.  Compressor  Instrumentat ion 

The  CRF  test  compressor  was  instrumented  to  obtain 
total  pressures,  static  pressures,  and  total  temperatures 
at  inlet,  interstage  and  exit  locations.  These 
measurements  were  obtained  to  document  the  performance  of 
the  test  compressor.  Instrumentation  was  also  included  for 
the  measurement  of  compressor  health  parameters,  such  as 
oil  flow  rates  and  temperatures,  compressor  blade  strains, 
and  service  cavity  pressures  and  temperatures .  Three  data 
acquisition  methods  were  utilized  for  performance 
measurements,  time-averaged,  close-coupled  and 
high-response.  They  will  be  described  in  detail  in  Section 
VI .  The  performance  instrumentation  on  the  CRF  test 
compressor  will  be  described  in  the  following  subdivisions. 

1 .  Inlet  instrumentation 

Inlet  instrumentation  was  located  at  three  different 
axial  planes  in  front  of  the  10-stage  compression  system, 
namely,  flow  conditioning  screen  exit,  bellmouth  throat, 
and  compressor  inlet .  These  axial  locations  are  shown  in 
Figure  4.6.  TaL’e  4.1  summarizes  the  inlet  measurements 
for  the  CRF  test  program.  Forty-nine  thermocouples  were 
located  at  the  exit  of  the  flow  condi-  Loning  screens  in 


Figure  4.6  Test  compressor  inlet  instrumentation  axial  locations 
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Table  4.1  Inlet  instrumentation 


AXIAL  LOCATION 

RADIAL 

LOCATION 

PROPERTY 

MEASURED 

# 

ACQUISITION 

EXIT  OF 

FLOW  CONDITIONING 
SCREEN 

CEA3 

TOTAL 

TEMPERATURE 

49 

Tab 

THROAT  BELLMOUTH 

ODC 

STATIC 

PRESSURE 

■ 

Ta,  CCd 

IDS 

STATIC 

PRESSURE 

8 

Ta,  CC 

MSf 

DIFFERENTIAL 

PRESSURE 

4 

Ta,  CC 

COMPRESSOR  INLET 

OD 

STATIC 

PRESSURE 

3 

HRg 

OD 

STATIC 

PRESSURE 

8 

Ta 

ID 

STATIC 

PRESSURE 

8 

Ta 

a  Located  at  centers  of  equal  area, 
b 

Time-averaged  type  acquisition. 

( 2 

Located  at  the  outside  diameter. 

d  Close-coupled  type  acquisition. 

0 

Located  at  the  inside  diameter. 

^  Located  at  the  midspan. 
g  Hi^jh-response  type  acquisition. 
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Table  4 . 1  Continued 


AXIAL  LOCATION 

RADIAL 

LOCATION 

PROPERTY 

MEASURED 

■ 

ACQUISITION 

COMPRESSOR  INLET 

I _ 

CEA 

TOTAL 

PRESSURE 

15 

Ta,  h 

( 10)CC 

CEA 

TOTAL 

TEMPERATURE 

10 

Ta 

MS 

FORWARD  FACING 
TOTAL  PRESSURE 

O 

Z. 

Ta,  CC 

MS 

FORWARD  FACING 
TOTAL  PRESSURE 

3 

HR 

MS 

AFT  FACING 
TOTAL  PRESSURE 

2 

Ta,  CC 

MS 

AFT  FACING 
TOTAL  PRESSURE 

3 

HR 

MS 

TOTAL 

TEMPERATURE 

3 

Ta,  CC 

MS 

COMPRESSOR 

SURGE 

■ 

Number  in  parentheses  represents  portion  of 
total  number  of  measurements. 
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the  inlet  flow  conditioning  barrel  of  the  facility  as 
detailed  in  Appendix  A,  Figure  12.1.  These  measurements 
were  used  during  tests  to  determine  the  inlet  air  flow 
temperature  for  bellmouth  mass  flow  rate  determination. 
Static  pressures  and  total  pressures  were  measured  at  a 
second  axial  plane,  at  the  compressor  bellmouth  throat. 
Static  pressure  was  measured  directly  from  wall  pressure 
taps  positioned  circumferentially,  while  total  pressure  was 
calculated  from  differential  measurements  between  the 
static  taps  and  kiel  type  total  pressure  probes. 

Transducers  used  for  these  measurements  were  located  on  the 
outside  of  the  bellmouth  within  two  inches  of  the 
measurement  port . 

Total  pressure,  static  pressure  and  total  temperature 
were  measured  at  the  third  inlet  axial  plane  located  after 
the  inlet  screens  and  preswirl  vanes.  In  addition  to  the 
static  pressure  taps  and  impact  probes,  two  special  probes 
were  positioned  at  different  circumferential  locations. 

Each  probe  was  designed  for  one  total  temperature 
measurement  and  four  pressure  measurements.  A  sche  atic 
sketch  of  one  of  these  probes  is  shown  in  Figure  4.7.  The 
four  pressure  measurements  were  obtained  with  two  upstream 
facing  impact  tubes  and  two  downstream  facing  impact  tubes. 
High-response  Kulite  model#  XCQ-25  pressure  transducers 
were  located  inside  one  upstream  and  ne  downstream  impact 


FORWARD  FACING 
HIGH-RESPONSE 


FORWARD  FACING 
CLOSE-COUPLED 


AFT  FACING 
HIGH- RESPONSE 


AFT  FACING 
CLOSE -COUPLED 


•THERMOCOUPLE 
(.005  IN.  OIA.WIRE) 


Figure  4.7  Forward  and  aft  facing  pressure  probe 
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tube.  The  probe  assembly  was  designed  for  water  cooling  of 
these  transducers .  The  other  upstream  and  downstream 
impact  tubes  were  connected  to  transducers  located  on  the 
inlet  casing.  The  temperature  sensor  on  the  probe  was  a 
thermocouple  made  from  0.006  in.  (0.152  mm)  diameter 
chrome 1-alumel  wire.  In  addition  to  these  special  probes, 
three  high  response  pressure  transducers  were  connected  to 
static  pressure  taps  positioned  at  different 
circumferential  locations  on  the  outer  annulus  wall. 
Detailed  circumferential  locations  of  inlet  instrumentation 
at  the  bellmouth  throat  and  the  compressor  inlet  are 
provided  in  Appendix  A,  Figure  12.2. 

2 .  Compressor  system  instrumentation 

The  compressor  interstage  instrumentation  was  located 
at  the  22  different  axial  locations  (see  Figure  4.4) .  The 
total  pressure,  static  pressure  and  total  temperature 
instrumentation  at  each  axial  location  are  identified  in 
Table  4.2.  Total  pressures  at  each  axial  location  were 
measured  from  kie]  head  probes  located  at  five  diff*'  ent 
radial  centers  of  equal  annulus  area.  These  sensors  were 
located  in  pairs  on  the  leading  edge  of  the  CRF  test 
compressor  stators;  three  on  one  stator  blade  and  two  on 
the  adjacent  blade.  Temperatures  were  measured  from  a 
probe  configuration  similar  to  the  to  ax  pressure  design. 


68 


Table  4.2  Compressor  instrumentation 


STATOR  1  T.E. 


OD 


STATIC 

PRESSURE 


Ta 
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RADIAL 

LOCATION 


PROPERTY 

MEASURED 


STATIC 

PRESSURE 


STATIC 

PRESSURE 


TOTAL 

PRESSURE 


TOTAL 

TEMPERATURE 


STATIC 

PRESSURE 


STATIC 

PRESSURE 


STATIC 

PRESSURE 


STATIC 

PRESSURE 


TOTAL 

PRESSURE 


TOTAL 

TEMPERATURE 


STATIC 

PRESSURE 


STATIC 

PRESSURE 


70 


Table  4.2  Continued 


AXIAL  LOCATION 

RADIAL 

LOCATION 

PROPERTY 

MEASURED 

# 

acquisition! 

wm—m—m 

m  ■ 

■BH 

STATOR  4  L.E. 

OD 

STATIC 

PRESSURE 

3 

HR 

OD 

STATIC 

PRESSURE 

2 

Ta  (1)CC 

ID 

STATIC 

PRESSURE 

2 

Ta  (1)CC 

CEA 

TOTAL 

PRESSURE 

10 

Ta  ( 5 ) CC 

CEA 

TOTAL 

TEMPERATURE 

19 

Ta 

STATOR  4  T.E. 

OD 

STATIC 

PRESSURE 

2 

Ta  ( 1 ) CC 

-  | 

ID 

STATIC 

PRESSURE 

2 

Ta  (1)CC  1 

STATOR  5  L.E. 

OD 

STATIC 

PRESSURE 

3 

HR 

OD 

STATIC 

PRESSURE 

■ 

Ta 

ID 

STATIC 

PRESSURE 

■ 

Ta 

CEA 

TOTAL 

PRESSURE 

5 

Ta 

CEA 

TOTAL 

TEMPERATURE 

5 

Ta  j 
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Table  4.2  Continued 


ID 


STATIC 

PRESSURE 


Ta ,  CC 


Table  4.2  Continued 


j  RADIAL 

AXIAL  LOCATION  I  LOCATION 


STATOR  7  L.E.  I  OD 


OD 


ID 


CEA 

CEA 

MS 

MS 

STATOR  7  T.E. 

OD 

72 
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Table  4.2  Continued 


AXIAL  LOCATION 

RADIAL 

LOCATION 

PROPERTY 

MEASURED 

■ 

ACQUISITION 

STATOR  8  L.E. 

OD 

STATIC 

PRESSURE 

3 

HR 

OD 

STATIC 

PRESSURE 

2 

Ta, ( 1 )CC 

ID 

STATIC 

PRESSURE 

2 

Ta, ( 1 )CC 

CEA 

TOTAL 

PRESSURE 

10 

Ta, (5)CC 

CEA 

TOTAL 

TEMPERATURE 

20 

Ta 

STATOR  8  T.E. 

OD 

STATIC 

PRESSURE 

2 

Ta, ( 1)CC  1 

ID 

STATIC 

PRESSURE 

2 

Ta, ( 1 )CC 

STATOR  9  L.E. 

OD 

STATIC 

PRESSURE 

3 

HR  1 

OD 

STATIC 

PRESSURE 

■ 

Ta 

ID 

STATIC 

PRESSURE 

■ 

Ta 

CEA 

TOTAL 

PRESSURE 

5 

Ta 

CEA 

TOTAL 

TEMPERATURE 

5 

Ta 

Table  4.2  Continued 
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PROPERTY 

MEASURED 

■ 

ACQUISITION 

STATIC 

PRESSURE 

■ 

Ta 

STATIC 

PRESSURE 

1 

Ta 

STATIC 

PRESSURE 

3 

HR  I 

STATIC 

PRESSURE 

■ 

Ta  1 

STATIC 

PRESSURE 

1 

Ta 

TOTAL 

PRESSURE 

5 

Ta 

TOTAL 

TEMPERATURE 

5 

Ta 

in  m 

STATIC 

PRESSURE 


Ta 
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The  thermocouple  was  made  from  0.010  in.  (0.254  mm) 
diameter  cromel-alumel  wire  which  was  routed  from  the  probe 
location  to  outside  the  test  compressor.  Static  pressures 
were  determined  from  taps  at  inside  and  outside  annulus 
wall  locations  at  both  the  stator  leading  and  trailing 
edges  for  each  stage.  All  10  stages  were  instrumented  with 
high-response  pressure  transducers  (Kulite  Model#  XTEL-190; 
connected  to  outside  annulus  wall  static  pressure  taps. 
Three  static  pressures  were  located  at  different 
circumferential  locations  at  every  stator  row  leading  edge. 
The  circumferential  spacing  between  the  three  ports  was 
nonuniform  to  assist  in  stall  cell  speed  and  cell  number 
characterization.  In  addition  to  the  instrumentation 
described  above,  stages  4  and  7  were  also  each  instrumented 
with  a  high-response  pressure  transducer  connected  to  a 
kiel  head  probe  located  on  a  vane  leading  edge.  The  exact 
number  and  circumferential  position  details  of  the 
instrumentation  at  each  axial  location  is  available  in 
Appendix  A,  Figures  12.3  through  12.13. 

3 .  Discharge  instrumentation 

Instrumentation  was  located  in  the  discharge  of  the 
test  compressor  at  two  axial  locations  as  shown  in  Figure 
4.8.  Table  4.3  identifies  the  instrumentation  at  the  exit 
of  the  compression  section  of  the  CRF  rest  compressor.  At 


COMPRESSOR  EXIT 
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Figure  48  Test  compressor  discharge  instrumentation  axial  locations 
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Table  4.3  Compressor  discharge  instrumentation 


AXIAL  LOCATION 

RADIAL 

LOCATION 

PROPERTY 

MEASURED 

# 

ACQUISITION 

COMPRESSOR 

EXIT  1 

OD 

STATIC 

PRESSURE 

■ 

HR 

OD 

STATIC 

PRESSURE 

8 

Ta 

10 

STATIC 

PRESSURE 

8 

Ta 

COMPRESSOR 

EXIT  2 

CEA 

TOTAL 

PRESSURE 

15 

Ta, ( 10 )CC 

CEA 

TOTAL 

TEMPERATURE 

15 

Ta 

MS 

FORWARD 

TOTAL  PRESSURE 

2 

HR 

MS 

REARWARD 

TOTAL  PRESSURE 

2 

HR 

MS 


TOTAL 

TEMPERATURE 


2 


Ta ,  CC 


8 


the  first  axial  position,  static  pressure  taps  were  located 
at  both  the  flow  path  inner  wall  and  outer  wall.  In 
addition,  7  pressure  taps  at  the  outer  flow  path  wall  were 
connected  to  high-response  pressure  transducers .  Total 
pressure  and  temperature  sensors  were  located  at  the  second 
axial  location.  Pressures  and  temperatures  were  measured 
at  5  different  radial  centers  of  equal  annulus  area.  In 
addition,  two  forward  and  aft  facing  probes  similar  to 
those  used  at  the  compressor  inlet  section  were  positioned 
at  different  circumferential  locations.  The  small  span  of 
the  annular  flowpath  prohibited  the  positioning  of  two 
upstream  and  two  downstream  facing  impact  tubes.  Therefore 
only  a  single  upstream  and  downstream  high-response 
measurement  was  available  per  probe.  Temperature 
instrumentation  on  these  probes  were  the  same  as  those  used 
in  the  inlet  section.  Detailed  circumferential  locations 
of  the  discharge  instrumentation  are  shown  in  Appendix  A, 
Figure  12.14. 
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V.  DATA  ACQUISITION  CONFIGURATION 

The  data  acquisition  configuration  and  methods 
described  in  this  section  were  utilized  to  measure 
time-averaged  pressures  and  temperatures  and  unsteady 
pressure  variations  in  the  CRF  test  compressor  operating 
in-stall.  In-stall  operation  data  are  extremely  difficult 
to  obtain.  Operating  a  high  speed  multistage  compressor  in 
a  stalled  condition  is  only  accomplished  with  significant 
risk  of  damage  to  the  test  compressor  and  the  facility. 
Therefore,  prior  to  testing  the  compressor  in-stall,  a 
great  deal  of  effort  was  spent  to  ensure  that  the  desired 
information  would  be  correctly  acquired  in  a  minimum  amount 
of  time.  The  data  acquisition  components  and  procedures 
necessary  to  yield  data  containing  appropriate  frequency, 
amplitude  and  phase  information  were  obtained  from  the 
compressor  operating  in  rotating  stall  are  described  in 
detail  below.  The  specialised  instrumentation  and 
processing  equipment  used  to  obtain  these  data  are  also 
defined. 

The  pressure  data  acquired  during  the  tests  can  be 
categorized  as,  high-response,  time-averaged  and 
close-coupled  measurements.  The  design  of  the  test  article 
and  the  availability  of  transducers  prohibited  utilization 
of  a  single  measurement  method  to  obt in  the  desired 
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information.  The  test  article  was  designed  with  limited 
access  for  positioning  transducers  near  measurement 
locations.  To  obtain  all  of  the  desired  unsteady 
information  some  measurements  had  to  be  made  further  away 
from  the  actual  pressure  port  than  others.  Therefore,  two 
methods  to  acquire  unsteady  pressure  were  devised.  The 
measurement  systems  and  setup  procedures  were  defined  to 
obtain  time-averaged  and  time-resolved  fluctuating  pressure 
data  at  a  fundamental  frequency  of  approximately  50  Hz. 

Two  independent  systems  were  utilized  to  obtain  the  data. 

A  primary  benefit  in  using  two  separate  measurement  methods 
is  that  comparisons  of  common  data  could  be  made  between 
the  two  systems  to  reinforce  data  validity  and  define 
frequency  response  limitations. 


A.  High-Response  Pressure  Measurements 

The  high-response  system  provided  for  higher  frequency 
response  than  the  close-coupled  system  which  is  described 
later.  The  higher  frequency  response  resulted  in  a  more 
accurate  characterization  of  pressure  fluctuations.  A 
limitation  of  the  high-response  system  was  that  the 
transducers  involved  were  fragile  and  not  well  suited  for 
placement  in  the  test  environment.  Fifty-two  channels  were 
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designated  as  high-response  measurement  channels  having  a 
nominal  frequency  response  of  200  Hz  each.  Approximately 
seventy  high-response  transducers  were  available  for 
high-response  measurements.  This  allowed  for  spares  if 
sensors  failed  during  testing.  High-response  channel  data 
were  acquired  in  analog  form  and  stored  on  tape  through  FM 
recording.  Data  obtained  through  high-response  measurement 
channel  are  identified  in  Table  5.1.  Locations  of  the 
measurements  within  the  compressor  are  shown  in  Figure  5.1. 
Details  about  radial  positions  of  the  high-response 
measurements  are  provided  in  Appendix  A,  Figures  12.2 
through  12.14. 

To  obtain  the  desired  frequency  response  with  the 
high-response  channels,  special  instrumentation  ports  were 
required  because  the  test  compressor  was  designed  with  a 
flow  path  outer  wall  that  involved  an  inner  and  outer 
casing  as  shown  in  Figure  5.2.  Transducers  could  not  be 
practically  mounted  directly  onto  the  outer  wall  of  the 
inner  casing.  Thus,  pressure  measurements  were  made 
through  a  fixed  length  tube  connected  from  the  tap  ; c  probe 
pressure  sensing  hole  to  a  boss  located  where  access  was 
possible  through  the  outer  casing.  Access  locations 
through  the  outer  casing  were  limited  by  the  large  number 
of  penetrations  required,  the  compressor  variable  geometry, 
bleed  ducts,  and  service  locations.  ne  length  of  this 
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Table  5.1  High-response  measurements 


[  MEASUREMENT  LOCATION 

MEASUREMENT  TYPE 

NUMBER 

COMPRESSOR  INLET  OD 

WALL  STATIC  PRESSURE 

3 

COMPRESSOR  INLET 

FORWARD  FACING 
TOTAL  PRESSURE 

3 

COMPRESSOR  INLET 

AFT  FACING 

TOTAL  PRESSURE 

3 

INTERSTAGE  OD 

WALL  STATIC  PRESSURE 

30 

INTERSTAGE 

TOTAL  PRESSURE 

2 

COMPRESSOR  DISCHARGE 

OD 

WALL  STATIC  PRESSURE 

7 

COMPRESSOR  DISCHARGE 

FORWARD  FACING 
TOTAL  PRESSURE 

2 

COMPRESSOR  DISCHARGE 

AFT  FACING 

TOTAL  PRESSURE 

2 
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tubing,  5.2  in.  (13.21  cm),  was  based  on  the  longest  length 
required  to  get  from  the  pressure  sensing  hole  to  the 
pressure  transducer.  The  tube  inside  diameter  was  0.020 
in.  (0.508  mm)  .  Transducer  cooling  was  used  to  ensure 
survival  and  stability  of  the  pressure  transducer  for  test 
article  temperature  levels  over  250°  F  (121.1°  C) .  For 
this  purpose,  a  special  cooling  jacket  surrounding  the 
pressure  transducer  was  designed.  All  measurements 
identified  in  Table  5.1  except  those  made  at  the  compressor 
inlet  were  obtained  with  this  tube  configuration.  For 
pressure  measurements  at  the  inlet  to  the  compressor,  tube 
lengths  were  minimized  by  locating  these  transducers 
directly  above  the  measurement  port.  These  tube  lengths 
were  appreciably  less  than  5.2  in.  (13.21  cm). 

Fluctuating  pressure  data  acquired  through  small 
diameter  tubing  is  subject  to  modification  because  of 
oscillatory  resonance  of  the  fluid  contained  in  the  tube. 

A  computer  algorithm  was  therefore  used  to  model  the 
effects  of  the  tube  and  transducer  volume  on  the  pressure 
measurement.  This  algorithm  was  developed  by  Nyland  et  al . 
[37]  of  NASA.  It  utilizes  a  frequency  response  theory 
developed  by  Bergh  and  Tijdeman  [38]  to  determine  pressure 
amplitude  ratio  and  phase  angle  as  a  function  of  frequency 
for  a  given  set  of  conditions,  tube  length,  volume,  mean 
pressure,  and  temperature.  Extensive  tests  were 
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conducted  by  Coleman  [39]  to  verify  the  validity  of  the 
NASA  algorithm  for  high-response  pressure  measurement 
application.  Transfer  functions  were  experimentally 
determined  for  several  lengths  of  0.020  in.  (0.508  mm) 
inside  diameter  tubing  over  a  frequency  range  of  0.0  to  200 
Hz .  Experimental  results  were  compared  with  results  from  a 
system  modeled  using  the  algorithm.  This  comparison 
indicated  that  the  algorithm  could  predict  pressure 
amplitude  response  of  the  tube  system  to  within  3  to  12 
percent  of  the  experimental  value,  while  phase  shift  could 
be  predicted  to  within  6  to  14  degrees.  The  more  accurate 
results  were  obtained  with  the  shorter  tube  lengths .  Test 
results  indicate  that  the  algorithm  can  be  reliably 
utilized  for  determining  the  transfer  function,  frequency 
and  phase,  of  the  fluctuating  pressures  for  the 
high-response  instrumentation  used  with  the  CRF  test 
compressor. 

The  transducers  used  to  convert  the  fluctuating 
pressures  to  voltage  fluctuations  were  manufactured  by 
Kulite  (model  XTEL-190) .  These  transducers  are  capable  of 
responding  to  frequencies  up  to  70  KHz  with  no  appreciable 
amplitude  modification.  Transducer  pressure  ranges  were 
based  on  predicted  maximum  pressures  within  the  compressor 
for  speeds  up  to  87%  of  the  design  corrected  speed.  The 
small  size  of  the  transducers  made  them  ideal  for  measuring 
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pressures  where  minimal  tube  lengths  are  required.  A 
transducer  installed  in  the  cooling  jacket  holder  and 
mounted  to  the  compressor  boss  is  shown  in  Figure  5.3. 

The  high-response  pressure  data  required  special 
conditioning  and  recording  methods  to  assure  data 
integrity.  The  special  conditioning  and  recording  were 
required  because  of  measurement  transducer  temperature 
sensitivity.  Calibrations  of  the  high-response  transducers 
with  pressures  measured  by  temperature  stable  transducers 
were  necessary  to  obtain  absolute  dynamic  pressure  levels. 
In  addition,  assurances  were  made  to  obtain  desired 
measured  frequency  response  and  phase  relationships  as 
these  were  important  to  data  analysis  requirements.  The 
measurement  path  for  the  high-response  pressures  is  shown 
in  Figure  5.4. 

The  transducer  signals  were  amplified  by  Pacific 
(Model  #  8255)  signal  conditioners.  The  signal 
conditioners  provided  the  excitation  voltage  to  the 
pressure  transducers  and  handled  transducer  output  signal 
filtering  and  amplification  during  unsteady  pressure 
measurement.  When  obtaining  dynamic  pressure  measurements, 
the  modifications  being  made  to  the  transducer  output 
signal  by  the  signal  conditioner  were  carefully  monitored. 
The  conditioner  provided  for  the  option  of  transducer 
output  voltage  filtering  at  specified  -utiset  frequency 


WATER  OUT 


WATER  IN 
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levels  of  10  Hz,  100  Hz,  1  KHz.  The  transducer  output 
voltage  was  attenuated  by  a  two  pole  Bessel  filter  with  a 
-3  db  attenuation  at  the  filter  frequency  selected.  The 
cutoff  frequency  for  the  compressor  tests  was  set  at  1 
KHz  to  assure  that  the  desired  frequency  response  of  200  Hz 
would  be  obtained  with  the  high-response  channels.  The 
amplifiers  also  allowed  for  either  AC  or  DC  coupling;  the 
DC  option  was  selected.  The  DC  component  of  the  pressure 
measurement  was  used  as  a  single  point  calibration  with  a 
known  steady  state  pressure  level  provided.  With  this 
on-line  calibration  the  transducer  zero  offset  drift  from 
the  bench  calibration  value  could  be  determined.  Thus 
compensation  of  bench  calibration  results  due  to 
temperature  related  zero  offset  variations  could  be 
accomplished  during  tests.  This  on-line  calibration 
allowed  absolute  pressure  levels  to  be  determined  during 
post  test  analysis.  Since  the  amplifiers  were  DC  coupled, 
each  amplifier  gain  had  to  be  set  to  avoid  saturation  of 
the  amplifier  by  the  DC  component  of  pressure. 

Consideration  was  also  given  to  setting  the  gain  of  each 
amplifier  so  as  to  avoid  saturation  of  the  recording 
devices  involved. 

The  high-response  pressure  data  were  recorded  on  three 
28-channel  recorders  (Datatape  Model  #2808)  .  The  recorders 
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were  configured  for  frequency  modulated  (FM)  recording. 

Each  pressure  channel  was  assigned  to  one  channel  of  the 
recorder  and  data  were  recorded  at  a  center  frequency  of 
75.6  KHz.  The  frequency  deviation  was  adjusted  to  allow 
for  a  maximum  input  signal  level  of  5  volts.  The  recorders 
were  operated  at  a  speed  of  15  in. /sec  (38.1  cm/sec)  which 
provided  for  a  data  frequency  response  of  10  KHz  as  defined 
in  Ref.  40.  This  value  of  10  KHz  was  well  above  the 
desired  response  of  200  Hz  and  minimized  the  amount  of  tape 
used.  Where  phase  correlation  was  desired,  data  from  the 
channels  involved  were  placed  on  the  same  tape  drive  head 
stack.  Thus,  information  from  channels  for  which 
inter-channel  phase  information  was  desired  was  either 
placed  on  all  even  tracks  or  all  odd  tracks.  This 
minimized  the  effects  of  phase  error  due  to  comparing  data 
recorded  on  different  head  stacks. 

After  all  options  were  selected  on  the  signal 
conditioners  and  the  recorders,  a  procedure  to  insure  data 
level  validity  was  carried  out.  This  procedure  required 
that  three  known  pressures,  up  to  the  maximum  range  of  tne 
transducer,  be  applied  to  the  transducer.  The  output  of 
the  transducer  prior  to  amplification  was  recorded.  Output 
from  the  signal  conditioner  and  the  output  of  the  recorders 
were  also  documented.  This  procedure  was  completed  for  all 
channels  of  high-response  data,  and  it  assured  that  the 


92 


transducer  output  signal  would  not  saturate  the  amplifier 
or  the  tape  recorder  during  tests.  The  amplified 
transducer  output  signals  were  monitored  on  individual 
oscilloscopes  during  tests  to  assure  that  they  did  not 
drift  to  saturation  levels  because  of  instrument 
temperature  fluctuations. 

In  addition  to  pressure  data  being  recorded,  other 
important  information  was  also  stored  on  tape.  This 
additional  information  was  recorded  to  assist  in 
verification  of  accurate  phasing  of  data  during  data 
analysis.  One  track  of  each  tape  was  reserved  for 
recording  of  an  IRIG  A  time  code.  This  time  code  allowed 
for  timing  resolution  of  0.1  ms.  Another  track  of  each 
tape  was  reserved  for  recording  of  the  tape  drive  servo 
signal.  The  servo  signal  is  generated  during  tape 
operation  and  used  during  playback  to  set  the  playback 
speed.  Any  fluctuations  in  tape  speed  during  recording  was 
duplicated  during  playback.  This  minimized  phase  errors 
caused  by  differences  between  recording  and  playback 
speeds.  A  third  track  on  each  tape  was  used  for  recording 
of  a  standard  signal .  This  standard  signal  was  the  sum  of 
10  and  100  Hz  sine  waves  (see  Patterson  [411) .  The 
standard  signal  is  used  during  post  test  analyses,  to 
assist  in  alignment  verification  when  data  is  digitized 
from  different  tape  decks.  The  standard  signal  is  also 
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useful  in  comparisons  of  high-response  and  close-coupled 
data . 

To  assure  data  validity  throughout  the  three-month 
test  period  involved,  a  fixed  procedure,  described  below, 
was  followed  on  every  test  day.  This  procedure  was 
considered  necessary  to  allow  comparisons  between  data 
obtained  during  the  first  day  of  testing  with  data  obtained 
on  any  other  day  of  testing. 

After  allowing  signal  conditioners  enough  time  to 
warm-up,  a  standard  square  wave  signal  was  applied  to  the 
input  of  the  amplifiers.  This  signal  was  recorded  on  the 
analog  tape  recorders  and  the  amplitude  of  the  signal  was 
noted  in  a  log  book.  The  gain  of  each  amplifier  and  the 
attenuation  by  each  tape  recorder  were  documented  on  each 
day  of  data  acquisition.  In  addition,  the  frequency 
content  of  the  summed  sine  wave  was  verified  with  a 
spectrum  analyzer.  The  exact  frequency  content  was 
recorded  in  a  log  book.  This  frequency  content  was 
compared  to  the  frequency  content  of  the  digitized  signal 
to  validate  the  post  test  digitization  process.  The  tape 
recorders  were  checked  to  verify  that  IRIG  time  was  being 
recorded  and  could  be  decoded.  At  selected  times  during 
testing,  the  10-stage  compressor  was  brought  to  a  fixed 
operating  condition.  This  condition  was  set  at  a  fixed 
speed  and  pressure  ratio  of  the  compressor.  At  this 


94 


"checkpoint"  the  DC  output  levels  of  the  high-response 
pressure  transducers  were  recorded.  This  information  was 
utilized  to  identify  the  stability  of  each  transducer.  If 
a  change  in  the  output  of  the  transducer  was  seen  for  a 
fixed  pressure  input  it  was  noted.  Transducer  output 
stability  was  not  a  problem. 

High-response  pressure  data  were  recorded  during 
unsteady  operation  of  the  10 -stage  compressor.  Also,  prior 
to  compressor  stall,  hign-response  pressure  data  were 
recorded  for  post  test  calibration.  The  high-response 
transducers  were  calibrated  with  steady  state  time  averaged 
pressure  data  obtained  from  a  nearby  physical  location. 

With  this  information,  transducer  offset  and  sensitivity 
were  determined  for  the  test  point  just  prior  to  the 
dynamic  event  of  interest . 

The  uncertainty  associated  with  the  high-response 
measurements  was  determined  from  the  uncertainty  of  the 
time  averaged  measurements  (bias) ,  as  they  were  used  as  the 
calibration  standard,  and  the  precision  error  introduced  by 
the  measurement  transducer,  signal  conditioning  and 
recording  devices .  The  method  used  to  determine 
measurement  uncertainties  for  the  high-response  and 
close-coupled  data  acquisition  systems  described  in  this 
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report  was  defined  by  Abernethy  and  Thompson  [42] .  The 
bias  and  precision  errors  are  combined  using  the  following 
equation 


U  =  +  (  B  +  t  Q  ,-S  ) 

m  m  95  m 

where  (B  )  are  the  bias  errors  and  (S  )  are  the 
m  m 

precision  errors  associated  with  the  measurement.  The 
student  T  distribution  (t^j.)  weighting  factor  is  determined 
based  on  the  number  of  samples  taken  to  make  up  a 
measurement  average.  For  time-resolved  measurements  such 
as  the  high-response  and  close-coupled  measurements  the 
student  T  value  is  12  because  only  single  samples  are 
recorded.  Time  averaging  thirty  samples  results  in  a 
weigthing  factor  of  two.  Based  on  Abernethy' s  uncertainty 
procedure,  the  high-response  measurement  uncertainties  are 
+  5  percent  of  transducer  full  scale.  This  uncertainty 
band  is  not  unusual  for  measurements  of  this  type. 


B.  Time-Averaged  Pressure  and  Temperature  Measurements 
and  Close-Coupled  Pressure  Measurements 

In  addition  to  the  analog  signal  recording  of  high 
response  pressure  data,  time-averaged  pressure  and 
temperature  measurements  were  acquired.  Four  hundred  and 
one  channels  of  pressure  and  temperature  measurements  were 
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used  to  obtained  time-averaged  steady-state  properties. 
Close-coupled  and  time-averaged  channel  data  were  acquired 
through  real-time  digital  conversion  and  stored  on  digital 
tape.  The  close-coupled  and  time-averaged  system  involved 
rugged  and  therefore  suitable  transducers  for  the  test 
environment . 

The  measurement  uncertainty  of  the  time-averaged  data 
was  much  improved  over  the  high-response  data  uncertainty 
because  of  the  very  accurate  calibration  standards  used 
and  the  large  number  of  samples  (30)  that  were  averaged  to 
make  the  measurement .  The  uncertainty  of  the  time  averaged 
pressure  measurements  was  nominally  +  0.5  percent  of 
transducer  full  scale.  The  time-averaged  temperature 
uncertainty  was  +  1.0°. 

The  time-averaged  data  were  in  digital  form  which 
allowed  for  easier  conversion  to  engineering  units. 
Frequency  response  for  this  system  was  limited  by  the 
on-line  digitizing  rate  as  well  as  pressure  tube  lengths. 
Thus,  data  aliasing  had  to  be  considered  prior  to  acquiring 
data1 .  These  measurements  were  digitized  as  part  of  the 
recording  process .  A  time-averaged  measurement  is  defined 
as  an  arithmetic  average  of  30  samples  of  each  channel 

1Aliasing  results  when  digital  sampling  frequency 
levels  are  too  low  compared  to  the  measured  signal 
frequency  levels.  Frequencies  in  the  measured  signal 
above  one  half  the  sampling  rate  will  appear  as  false 
lower  frequencies  on  the  digitized  data.  See  Ref.  43. 
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sequentially  at  the  maximum  rate  possible  for  analog  to 
digital  conversion.  For  30  samples  the  length  of  time  over 
which  each  individual  channel  average  spans  is  195  ms.  The 
data  obtained  through  time  averaging  were  detailed  in 
Tables  4. 1,4. 2  ard  4.3. 

A  subset  of  the  time-averaged  measurements  are 
close-coupled  pressure  and  temperature  measurements. 
Close-coupled  measurements  were  obtained  from  the  same 
transducers  as  were  the  time-averaged  measurements .  The 
difference  between  the  two  types,  close-coupled  and 
time-averaged,  was  the  number  of  averages  taken  to  make  up 
the  measurement  and  the  rate  the  data  were  obtained. 

Because  the  close-coupled  measurements  involved  only  single 
samples  the  student  T  weighting  factor  is  12,  resulting  in 
a  close-coupled  pressure  measurement  uncertainty  of  +  1.5 
percent  of  full  transducer  range. 

Eighty-six  channels  with  a  nominal  frequency  response 
of  70  Hz  for  pressures  and  5  Hz  for  temperatures  were 
designated  as  close-coupled  measurement  channels.  The 
designation  of  close-coupled  was  selected  to  represent 
measurements  that  were  acquired  at  a  lower  frequency  than 
for  the  high-response  measurements  (200  Hz)  but  at  a  higher 
frequency  than  for  the  time-averaged  measurements  (0.5  Hz) . 
Close-coupled  means  the  transducer  is  as  close  to  the 
pressure  port  as  physically  possible  on  _ne  10-stage  test 
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compressor.  The  typical  sensing  tube  length  between  the 
pressure  port  and  the  transducer  was  20  in.  (50.8  cm). 
Close-coupled  temperatures  of  5  Hz  response  were  obtained 
with  bead  type  thermocouples  constructed  from  0.006  in. 
(0.152  mm)  diameter  chromel-alumel  thermocouple  wire.  The 
close-coupled  measurements  were  scanned  separately  at  a 
much  higher  rate  than  the  time-averaged  measurements  and 
with  no  time  delay  between  samples  of  close-coupled 
channels.  A  scan  was  defined  as  a  single  sample  of  all 
close-coupled  channels  simultaneously.  This  is  the  primary 
difference  in  time-averaged  and  close-coupled  measurements. 
Transducers,  signal  conditioners  and  recording  methods  are 
the  same  for  both  forms  of  data  acquisition.  A  schematic 
of  these  acquisition  systems  is  shown  in  Figure  5.5. 

The  nominal  frequency  response  for  the  close-coupled 
pressure  measurements  was  70  Hz  and  for  the  close-coupled 
temperature  measurements,  5  Hz.  Table  5.2  identifies  those 
measurements  of  unsteady  pressures  which  were  recorded 
digitally.  Detailed  locations  within  the  compressor  are 
shown  in  Figure  5 . 6 

Table  5.2  indicates  that  the  close-coupled  data 
included  total  pressure  measurements  at  compressor  inlet, 
interstage  and  exit  locations  and  static  pressure 
measurements  at  inlet  and  interstage  locations.  The 
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Figure  5.^  Close-coupled  data  acquisition  system  schematic 
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Table  5.2  Close-coupled  measurements 


jr" - - - - — ™ 

MEASUREMENT  LOCATION 

MEASUREMENT  TYPE 

NUMBER 

INLET  BELLMOUTH  ID 

STATIC  PRESSURE 

8 

INLET  BELLMOUTH  OD 

STATIC  PRESSURE 

■m 

INLET  BELLMOUTH 

TOTAL  TO  STATIC  DIFF. 

4 

COMPRESSOR  INLET 

TOTAL  PRESSURE 

10 

COMPRESSOR  INLET 

FORWARD  FACING 
TOTAL  PRESSURE 

2 

COMPRESSOR  INLET 

AFT  FACING 

TOTAL  PRESSURE 

\ 

COMPRESSOR  INLET 

TOTAL  TEMPERATURE 

3 

INTERSTAGE  VANE  LE 

TOTAL  PRESSURE 

20 

INTERSTAGE  VANE  LE 

TOTAL  TEMPERATURE 

4 

|  INTERSTAGE  ID 

STATIC  PRESSURE 

6 

|  INTERSTAGE  OD 

STATIC  PRESSURE 

8 

|  COMPRESSOR  DISCHARGE 

TOTAL  PRESSURE 

10 

|  COMPRESSOR  DISCHARGE 

TOTAL  TEMPERATURE 

2 
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close-coupled  data  obtained  during  the  10-stage  compressor 
tests  described  in  this  report  were  similar  to  those 
described  by  Hosny  et  al .  [1]  for  their  in-stall  test  of 
the  GE/NASA  Energy  Efficient  Engine  compressor.  In  the 
tests  described  by  Hosny  and  Steenken  [17],  measurements 
were  made  at  the  compressor  inlet  and  exit  with  rakes  that 
allowed  transient  mass  flow  rate  to  be  determined.  Also, 
static  pressure  taps  at  inlet,  exit  and  interstage 
locations  in  their  compressor  were  used.  In  addition  to 
the  type  measurements  described  by  Hosny  and  Steenken, 
close-coupled  measurements  of  interstage  total  pressures  in 
the  CRF  10 -stage  compressor  test  described  in  this  report 
were  obtained  at  five  different  radial  immersions  in  4 
different  stages.  This  interstage  total  pressure 
information  is  essential  for  characterizing  the  unsteady 
pressures  that  occur  within  a  compressor  during  rotating 
stall  operation.  Data  obtained  from  these  locations  were 
used  in  the  validation  of  an  analytical  multistage 
compressor  model  developed  by  Davis  [44]  .  These  data  were 
also  used  to  determine  the  axial  extent  of  a  rotating  stall 
cell  within  the  10-stage  test  compressor.  In  addition,  the 
interstage  total  pressure  measurements  obtained  at 
different  immersions  and  the  inside  diameter  (ID)  static 
pressure  data  were  useful  for  determining  the  radial  extent 
of  the  stall  cell  related  pressure  disturbances. 
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Measurement  of  the  parameters  described  in  Table  5.2 
provide  the  information  necessary  to  further  the 
understanding  of  the  in-stall  performance  of  a  multistage 
compressor . 

As  with  high-response  measurements,  assurances  were 
made  with  the  close-coupled  pressure  measurements  to  obtain 
an  appropriate  frequency  response.  The  tube  length  for 
each  close-coupled  measurement  was  recorded.  The  nominal 
tube  length  was  20  in.  (50.8  cm)  and  each  tube  had  an 
inside  diameter  of  0.02  in.  (0.508  mm).  The  algorithm 
described  in  Ref.  [39]  suggests  that  the  frequency  response 
of  the  transducer  tube  system  is  affected  by  the 
temperature  and  pressure  of  the  air  within  the  tubes.  The 
mean  pressure  within  the  tube  during  pressure  measurement 
is  known  and  therefore  can  be  correctly  modeled.  The 
temperature  in  the  measurement  tubes  is  not  known. 

Therefore  its  effect  must  be  determined.  The  results  of  a 
study  of  temperature  effects  on  pressure  attenuation  are 
shown  in  Figure  5.7.  In  addition  errors  in  phase  angle 
were  also  determined  by  this  algorithm  as  shown  in  Figure 
5.8.  These  results  indicate  that  care  must  be  taken  in 
interpretation  of  the  close-coupled  results.  Direct 
comparisons  with  the  high-response  measurements  were  used 
to  determine  the  attenuation  effects  on  the  close-coupled 
measurements.  Knowing  these  effects  resolves  the  question 
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Figure  5.7  Pressure  attenuation  characteristics  of  close-coupled  measurements 
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Figure  5.8  Phase  shift  characteristics  of  close-coupled  measurements 
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of  whether  of  not  a  theoretically  determined  transfer 
function  from  the  algorithm  must  be  applied  to  the  data 
during  post  test  analysis  to  determine  the  true 
characteristics  of  the  fluctuating  pressure. 

Transducers  utilized  for  the  close-coupled 
measurements  were  Scanivalve  model  ZOC-14 
(Zero-Operate-Calibrate)  pressure  transducers.  The  ZOC 
transducers  were  maintained  at  a  constant  temperature  with 
cooling  water  maintained  at  70°  F  (21.1°  C)  with  a  closed 
loop  cooling  system.  Temperature  control  resulted  in 
calibration,  zero  offset  and  sensitivity  stability. 

Pressure  transducer  signals  were  input  to  a  Preston 
(model  8300-XWBRC)  amplifier.  The  gain  setting  for  each  of 
the  amplifiers  used  for  time-averaged  and  close-coupled 
measurements  was  dependent  on  the  transducer  output  for  a 
particular  channel.  Although  the  amplifiers  were  capable 
of  outputting  a  10  volt  signal,  the  analog  to  digital  (A  to 
D)  converter  saturated  at  5  volts.  Therefore,  the 
appropriate  gain  was  selected  to  insure  that  the  maximum 
output  for  a  channel  was  as  close  to  5  volts  as  possible. 
The  signal  was  amplified  in  order  to  increase  the  ratio  of 
signal  to  line  noise  from  the  amplifiers  to  the  A  to  D 
converter.  Each  amplifier  had  a  three  pole 
Butterworth-Thomson  filter  with  selectable  cutoff 
frequencies  of  10  Hz,  40  Hz,  120  Hz,  400  Hz,  and  1200  Hz. 
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The  cutoff  frequency  chosen  for  the  test  was  400  Hz.  The 
filters  have  a  transfer  characteristic  of  -3  db  at  200  Hz 
and  -4  db  at  250  Hz  and  -8  db  at  400  Hz  .  The  attenuation 
due  to  the  filter  combined  with  the  attenuation  due  to  the 
tube  lengths  and  transducer  volumes  made  all  signals  at 
frequencies  greater  than  250  Hz  insignificant.  Since  the 
sampling  frequency  of  the  close-coupled  digital  data  system 
was  692  scans/sec,  aliasing  did  have  to  be  considered.  For 
a  692  scan/sec  sample  rate,  the  Nyquist  rate  is  346  Hz. 
Signals  between  346  and  the  filter  cutoff  frequency  of  400 
Hz  were  folded  back  onto  signals  with  frequencies  of  292  to 
346  Hz.  This  implies  that  any  signals  at  or  above  290  Hz 
were  contaminated  by  aliasing  and  therefore  could  not  be 
considered  valid  information.  Since  the  signals  were 
attenuated  greatly  after  250  Hz,  this  aliasing  did  not 
effect  the  results  and  the  nominal  decircd  i.e-t’wuse  was 
obtained.  The  fixed  filter  settings  of  the  amplifiers 
would  not  allow  the  desired  frequency  response  to  be 
obtained  for  any  setting  other  than  400  Hz,  because  of 
either  aliasing  or  attenuation.  All  filters  for  the 
time-averaged  measurements  were  set  at  10  Hz,  as  the  higher 
frequency  response  was  not  required. 

Although  the  phase  response  of  the  Preston  amplifiers 
(used  for  the  close-coupled  measurements)  and  Pacific 
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amplifiers  (used  for  the  high-response  measurements)  were 
considered  individually,  the  phase  shift  between 
high-response  and  close-coupled  data  was  accounted  for  by 
using  the  10  and  100  Hz  sine  wave  sum  defined  previously. 
This  sine  signal  was  sent  through  the  digital  close-coupled 
data  system  as  well  as  to  each  analog  high-response  tape 
recorder.  This  signal  was  also  used  during  post  processing 
to  eliminate  phase  shift  errors  between  high-response  and 
close-coupled  data. 

All  86  channels  used  for  close-coupled  measurements 
were  equipped  with  sample  and  hold  electronics . 
Time-averaged  channels  were  not  equipped  with  the  sample 
and  hold  electronics.  In  each  close-coupled  channel,  the 
sample  and  hold  electronics  converted  a  continuous  signal 
into  discrete  values.  Data  acquisition  with  the  sample  and 
hold  electronics  occurred  with  no  phase  lag  between 
channels  because  all  channels  were  sampled  simultaneously. 
All  sampled  signals  were  held  until  they  could  be  digitized 
and  subsequently  recorded.  The  total  time  required  to 
sequentially  transfer  the  held  information  was  dictated  by 
the  speed  of  the  analog-to-digital  converter.  Thus,  a 
sample  of  all  close-coupled  channels  was  held  for  1/692 
second  while  the  previous  sample  was  being  converted  into 
digital  values.  The  actual  time  to  acquire  a  sample  was 
approximately  10  micro  seconds.  This  technique  eliminated 
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the  phase  errors  caused  by  sequential  reading  of  data  from 
individual  channels  of  close-coupled  data. 

Errors  can  result  with  sample  and  hold  electronics  if 
the  voltage  level  of  the  channels  sampled  "droops"  during 
the  time  it  takes  them  to  be  transferred  sequentially  to 
the  analog  to  digital  converter.  Also  the  gain  stability 
of  the  electronics  can  result  in  errors  if  not  verified. 

If  gain  electronics  are  not  stable  they  may  produce  false 
variations  in  output  levels  for  stable  input  signal  levels. 
Gain  instabilities  in  the  frequency  range  of  interest  could 
be  perceived  as  false  input  pressure  signal  fluctuations. 
The  specification  for  the  droop  rate  and  gain  stability  is 
1  mv/ms  and  0.1%  of  full  scale  respectively.  In  order  to 
verify  these  specifications,  tests  were  designed  to 
determine  the  droop  rate  and  gain  stability  of  the  sample 
and  hold  electronics.  One  test  involved  paralleling  the 
same  sine  wave  into  all  of  the  sample  and  hold  channels. 

The  output  was  reviewed  for  each  channel  to  verify  that  the 
sample  and  hold  electronics  were  functioning  identically. 
This  test  also  allowed  precision  errors  in  the  equipment  to 
be  determined.  A  second  test  consisted  of  applying  5  volts 
to  all  sample  and  hold  channels  and  reading  the  voltage  at 
the  output  of  one  channel.  Then  several  other  channels 
were  read  for  1  ms.  Finally  the  original  channel  was  read 
again  in  order  to  determine  the  drop  in  voltage.  Both  of 
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these  tests  were  performed  at  the  beginning  of  a  test  day 
to  insure  the  integrity  of  the  sample  and  hold  equipment 
over  the  entire  tast  period. 

When  acquiring  close-coupled  digital  data,  each  scan 
was  read  by  the  data  acquisition  computer  in  digital  counts 
corresponding  to  the  transducer  output  voltage.  A  scan  is 
one  sample  of  all  close-coupled  channels.  The  information 
was  then  transmitted  to  the  main  frame  computer,  an  IBM 
4341,  to  be  recorded  and  displayed.  The  main  frame 
computer  did  not  convert  every  scan  of  information  to 
engineering  units  during  a  test  period,  since  this  would 
drastically  slow  down  acquisition  time.  Therefore,  data 
were  stored  on  digital  tape  in  raw  form  as  counts  data.  In 
order  to  monitor  close-coupled  channels  on-line  during 
transient  data  acquisition,  a  scan  of  some  data  was  taken 
from  the  entire  stream  of  data  and  converted  into 
engineering  units  and  displayed.  During  this  time,  all  raw 
counts  data  were  being  sent  to  tape.  Once  one  scan  of  data 
was  converted  and  displayed  another  scan  was  acquired  from 
the  stream  of  data  for  reduction  and  display. 

Approximately  one  scan  per  second  of  all  close-coupled 
channels  was  acquired  for  display  from  the  692  scan  per 
second  stream.  The  displayed  data  allowed  for  monitoring 
of  the  close-coupled  data  while  they  were  being  acquired. 
This  also  assured  that  data  obtained  were  not  saturated  and 
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therefore  useless  for  post  test  analysis.  Monitoring 
close-coupled  data  reduced  unnecessary  repetition  of  test 
points . 

All  scans  of  close-coupled  transient  data  could  not  be 
converted  into  engineering  units  until  a  standard  format 
tape  was  created  from  counts  data.  This  conversion  could 
not  occur  until  after  testing  was  completed  and  it  involved 
the  input  of  counts  data  into  engineering  units  reduction 
software  in  the  main  frame  computer  at  a  slower  rate  than 
acquired.  It  took  approximately  20  minutes  to  process  1 
second  of  transient  data. 

The  close-coupled  measurements  defined  in  Table  5.2 
were  acquired  following  set  procedures  during  the  test. 
While  operating  the  compressor  at  a  quasi-steady  in-stall 
condition,  a  time-averaged  data  point  was  acquired. 
Immediately  following  this,  a  5  second  close-coupled  data 
scan  was  obtained.  This  included  approximately  3375  scans 
of  each  of  the  86  channels  defined  in  Table  5.2.  The  five 
second  data  acquisition  time  provided  approximately  250 
cycles  of  periodic  pressure  data.  Immediately  following 
the  5  second  scan,  another  time-averaged  data  point  was 
obtained.  The  time-averaged  data  points  included 
information  from  the  86  channels  that  were  close-coupled 
along  with  the  other  pressures  and  temperatures  that  were 
detailed  in  Section  IV.  The  time-aveoa^ed  data  were  taken 
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to  determine  the  average  values  of  the  dynamic  data.  These 
time-averaged  data  were  utilized  to  assist  in  validation  of 
the  close-coupled  data  obtained.  The  time-averaged  data 
were  also  used  to  determine  the  quasi-steady  in-stall 
compressor  pressure  and  temperature  characteristics . 
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VI.  TEST  PROCEDURES  AND  DATA  ACQUISITION 


Two  primary  goals  were  set  for  the  CRF  10-stage 
compressor  tests .  The  first  goal  was  to  determine  the 
time-averaged  performance  of  the  compressor  under  unstalled 
and  in-stall  operating  conditions.  The  steady  unstalled 
and  quasi-steady  in-stall  compressor  performance 
characteristics  were  measured  with  the  time-averaged  data 
acquisition  method  described  in  Section  V.  The 
time-averaged  measurements  were  obtained  to  characterize 
overall  compressor  performance  and  the  performance  of  each 
of  the  10  stages  within  the  test  compressor.  The  second 
goal  of  the  tests  was  to  obtain  time-resolved  performance 
data  for  the  compressor  during  its  transition  into  rotating 
stall,  and  while  it  operated  in  rotating  stall.  These 
time-resolved  performance  parameters  were  measured  with  the 
close-coupled  and  high-response  data  acquisition  systems 
also  described  in  Section  V.  Overall  compressor  and 
selected  individual  stage  time-resolved  performance 
measurements  were  obtained.  The  procedures  followed  to 
obtain  the  time-averaged,  steady  and  quasi-steady 
performance,  and  time-resolved  performance  data  for  the 
test  compressor  are  described  in  the  following  subsections. 
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A.  Steady  and  Quasi-steady  Procedures 

Specific  procedures  were  followed  to  determine  the 
performance  of  the  compressor  while  it  operated  in  a 
steady,  unstalled  condition  and  also  in  a  quasi-steady, 
rotating  stall  condition.  These  procedures  were  defined  to 
assure  data  accuracy  and  test  compressor  health  during  the 
tests.  The  test  procedures  were  defined  to  assure  correct 
compressor  parameter  measurement  without  prolonging  risk  to 
the  test  compressor.  The  procedures  were  also  designed  to 
allow  for  complete  definition  of  how  critical  parameters 
such  as  compressor  speed  and  compressor  blade  geometry  may 
affect  the  steady  and  quasi-steady  performance.  The  data 
acquisition  procedures  and  test  variables  are  described  in 
the  following  paragraphs . 

1 .  Data  acquisition  procedures 

Of  primary  importance  when  measuring  the  compressor 
steady  and  quasi-steady  performance  is  compressor  operation 
in  a  condition  that  does  not  vary  with  time.  Prior  to 
obtaining  any  performance  data,  a  test  was  completed  to 
determine  the  time  required  for  the  compressor  to  settle 
into  a  steady  operating  condition.  The  speed  and  throttle 
position  of  the  compressor  were  changed  from  a  low  speed, 
and  low  throttle  level  to  a  high  speed  and  high  throttle 
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level.  Time-averaged  data  (described  in  Section  V)  were 
obtained  at  one  minute  intervals  after  the  high  speed  high 
throttle  condition  was  established.  The  results  suggested 
that  the  overall  and  stage  performance  of  the  compressor 
settled  to  within  99  percent  of  its  final  steady  level 
within  3  minutes  after  the  new  operating  condition  was 
established.  Therefore,  for  the  remainder  of  the  test 
program  a  3  minute  delay  at  a  fixed  operating  condition  was 
established  prior  to  obtaining  a  time-averaged  data  point. 

The  repeatability  of  the  operation  of  the  data 
acquisition  and  facility  control  systems  over  a  day  was 
verified  by  obtaining  time-averaged  data  points  at  fixed 
compressor  operating  conditions  prior  to  and  after  each 
test  day.  In  addition  to  this  procedure,  selected  test 
points  were  repeated  on  different  test  days  to  assure 
CRF  test  compressor  performance  repeatability  from  day  to 
day. 

2 .  Test  variables 

Data  were  obtained  at  different  compressor  operating 
conditions  to  define  the  effects  of  speed  and  inlet 
guide  vane  (IGV) ,  first  stator,  and  second  stator 
setting  angle  values  on  compressor  steady  and  quasi-steady 
performance  as  well  as  compressor  recoverability.  The  test 
program  was  defined  to  determine  unst;=i±ed  and  in-stall 
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operating  characteristics  for  the  CRF  test  compressor  from 
49.8%  of  the  compressor  design  corrected  speed  up  to  a 
speed  near  the  point  where  the  stall  instability  was  surge. 
This  rotating  stall/surge  point  was  found  by  throttling  the 
compressor  to  the  stall  point  and  then  determining  if  the 
subsequent  instability  was  surge  or  rotating  stall  (see 
Figure  1.4). 

The  type  of  instability  that  occurred  subsequent  to 
compressor  stalling  was  determined  with  the  use  of  two 
compressor  discharge  high-response  static  pressures.  These 
measurements,  defined  in  Section  IV,  were  located  at  two 
different  circumferential  locations  in  the  same  axial 
plane.  Compressor  surge  was  accompanied  by  an  axisymmetric 
blowdown  of  pressure  at  the  discharge  of  the  compressor. 
Rotating  stall  manifested  itself  as  a  disturbance  rotating 
circumferentially  around  the  compressor  discharge  flow 
path.  This  difference  between  surge  and  rotating  stall 
allowed  for  precise  determination  of  the  compressor 
instability  phenomena.  The  signals  from  circumferentially 
spaced  high-response  transducers  were  subtracted  from  each 
other.  In  a  surge  event  the  pressure  fluctuations  for 
circumferentially  spaced  transducers  were  in  phase  with 
each  other.  The  difference  of  the  two  signals  (one  minus 
the  other)  was  a  constant  output  not  varying  with  time.  If 
the  nature  of  the  compressor  instability  was  rotating 
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stall,  the  difference  in  the  two  signals  varied  with  time 
because  the  two  circumferentially  spaced  transducer  signals 
were  periodic  and  out  of  phase  with  each  other.  The 
highest  compressor  speed  for  which  rotating  stall 
information  was  obtained  was  78.5%  of  the  design  corrected 
speed.  Above  80.0%  speed  the  compressor  instability  was 
surge . 

At  test  compressor  speeds  between  49.8%  and  78.5% 
design  speed,  operating  points  for  which  data  acquisition 
could  occur  were  limited  by  the  natural  resonance  of 
compressor  mechanical  systems .  A  compressor  resonant 
condition  did  not  allow  data  acquisition  at  70%  of  design 
corrected  speed.  Therefore  the  speeds  where  in-stall 
performance  was  documented  for  the  CRF  10-stage  compressor 
test  were  49.8%,  59.7%,  67.7%,  74.5%  and  78.5%  of  design 
corrected  speed. 

Throttle  positions  for  these  speeds  were  limited  to  a 
predefined  low  operating  line  position  greater  than  design 
operating  throttle  on  one  end  to  a  throttle  closure 
position  (in  stall)  where  internal  compressor  blade 
temperatures  were  at  maximum  limits  for  compressor  health. 

The  procedure  followed  at  each  speed  was  to  obtain 
time-averaged  data  at  a  throttle  point,  on  the  unstalled 
characteristic,  near  stall.  In  some  cases  additional  data 
were  acquired  at  throttle  settings  between  the  design 
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throttle  point  and  the  near  stall  throttle  point.  The  near 
stall  throttle  point  was  predetermined  from  an  earlier 
portion  of  the  test  program.  After  the  near  stall 
time-averaged  data  were  obtained,  the  throttle  was  closed 
at  a  rate  of  0.5%  closure  per  second  until  the  compressor 
stalled.  The  exit  throttle  point  at  which  the  test 
compressor  stalled  was  determined  by  monitoring 
high-response  pressure  signals  and  rotor  strain  gage 
signals.  A  sharp  increase  in  pressure  fluctuation  and 
rotor  strain  indicated  that  the  10-stage  compressor  was  in 
rotating  stall.  At  the  initial  in-stall  point  a 
time-averaged  data  point  was  immediately  obtained.  A 
second  point  at  the  same  throttle  location  was  then 
obtained  after  the  3  minute  stabilization  time  had  lapsed. 
While  the  compressor  was  operating  in  stall,  internal 
temperatures  and  blade  stresses  were  monitored  to  assure 
health  limits  that  would  endanger  the  compressor  were  not 
exceeded. 

After  the  initial  in-stall  point  data  were  obtained, 
the  throttle  was  trimmed  to  a  more  closed  position. 
Nominally  this  position  was  chosen  to  be  2%  more  closed 
than  the  initial  in-stall  position.  After  a  3  minute 
stabilization  period  at  this  throttle  condition  two  sets  of 
time-averaged  data  were  obtained.  Between  the  two  sets  of 
time-averaged  data  a  5  second  time-resolved  close-coupled 
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data  scan  was  obtained.  The  reason  for  this  scan  will  be 
clarified  in  the  next  subsection.  The  throttle  was  closed 
at  2%  increments  and  time-averaged  data  obtained  as 
described  above  until  internal  temperature  upper  limits 
were  encountered.  After  the  most  closed  throttle  data 
point  was  obtained,  the  throttle  was  again  opened  at  2% 
increments  and  data  were  again  obtained  as  defined  above. 

Due  to  the  compressor  in-stall  hysteresis  (defined  in 
Section  I)  in-stall  time-averaged  data  were  obtained  at 
throttle  positions  more  open  than  the  near  stall  throttle 
position.  Time-averaged  data  were  obtained  at  2%  exit 
throttle  opening  increments  until  the  compressor  recovered 
from  the  stalled  condition.  Recovery  was  identified  as  the 
operating  point  where  high-response  pressure  and  rotor 
strain  gage  levels  no  longer  indicated  rotating  stall 
operation.  Some  difficulty  in  obtaining  the  near  recovery 
points  was  encountered  at  78.5%  and  74.5%  of  design 
corrected  speed,  because  of  the  high  stress  conditions  that 
existed  as  the  compressor  throttle  was  opened  while  the 
compressor  operated  on  the  in-stall  hysteresis  curve 
Therefore,  the  near  recovery  point  was  established  as 
accurately  as  possible  for  the  given  high  stress 
conditions.  The  accuracy  of  near  recovery  operating  points 
is  discussed  further  in  the  Section  VII. 
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After  the  compressor  recovered  from  the  in-stall 
condition,  time-averaged  data  on  the  unstalled 
characteristic  were  obtained  for  exit  throttle  settings 
corresponding  to  those  for  in-stall  operation.  Care  was 
taken  to  assure  that  the  data  were  obtained  after 
approaching  exit  throttle  positions  from  the  same  direction 
as  for  the  in-stall  positions.  Approaching  the  desired 
throttle  setting  by  opening  the  throttle  eliminated 
discharge  throttle  mechanical  linkage  hysteresis  effects. 

In  addition  to  measuring  the  steady  and  quasi-steady 
CRF  test  compressor  unstalled  and  in-stall  performance  as  a 
function  of  speed,  variable  geometry  effects  were  also 
examined.  The  compressor  was  designed  with  three  sets  of 
variable  vanes  as  defined  in  Section  IV.  These  vanes  were 
set  to  preprogrammed  positions  as  a  function  of  compressor 
speed.  Their  position  was  fixed  up  to  a  speed  of  79.6%  of 
design  corrected  speed.  Tests  were  completed  for  all 
speeds  defined  above  with  the  preprogrammed  schedule.  The 
tests  were  then  repeated  for  the  vanes  at  a  7  deg.  more 
open  condition.  All  procedures  for  data  acquisition  as 
defined  above  were  followed.  The  quasi-steady  in-stall 
data  could  not  be  obtained  for  78.5%  of  design  corrected 
speed  because  the  nature  of  the  stall  instability  changed 
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from  rotating  stall  to  surge  when  the  vanes  were  scheduled 
more  open.  This  result  is  discussed  further  in  Section 
VII . 

Variable  discharge  volumes,  as  defined  in  Section  IV, 
were  available  for  use  during  the  test  program.  Although 
the  volume  was  different  for  portions  of  the  tests 
described  above,  it  was  determined  that  discharge  volume 
had  no  effect  on  the  steady  or  quasi-steady  compressor 
performance.  Therefore,  volume  is  not  considered  in  the 
CRF  test  compressor  data  analysis. 

B.  Time-resolved  Performance 

A  second  goal  of  the  test  program  was  to  document  the 
time-resolved  performance  of  the  CRF  test  compressor  during 
its  transition  into  stall  and  while  it  was  in  rotating 
stall.  This  performance  was  documented  with  the  use  of  the 
close-coupled  and  high-response  acquisition  systems 
described  in  Section  V.  Fixed  procedures  were  followed 
during  this  phase  of  the  test  program.  These  procedures 
are  defined  in  the  following  paragraphs . 

iL.  Data  acquisition  procedures 

The  procedure  followed  to  obtain  time-resolved 
performance  data  for  the  test  compressor  required  the  use 
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of  both  the  close-coupled  and  high-response  data 
acquisition  methods.  Prior  to  throttling  the  compressor 
into  stall  a  time-averaged  data  point  was  obtained  at  the 
near  stall  condition  The  test  compressor  discharge 
throttle  was  closed  from  the  near  stall  position  at  a  rate 
of  .5%  per  second  until  the  compressor  stalled.  During 
this  transition  the  high-response  data  were  recorded  by 
manually  starting  the  FM  tape  recorders.  In  addition,  the 
close-coupled  acquisition  system  was  started  and  set  to 
continue  taking  data  until  the  stall  transition  and 
subsequent  instability  was  documented.  To  assure  data 
repeatability,  time  resolved  data  points  for  the  same  set 
of  compressor  conditions  were  repeated.  In  addition  the 
time  response  of  the  two  acquisition  systems  were  compared 
to  assess  system  amplitude  attenuation  and  phase  shifts. 
This  comparison  is  defined  in  more  detail  in  Section  VII. 

2_s_  T$gt  variables 

Time-resolved  data  were  obtained  for  the  same  speeds 
as  for  the  time-averaged  steady  and  quasi-steady  data. 
Results  of  the  data  obtained  at  59.7%  and  78.5%  of  design 
corrected  speed  are  detailed  in  Section  VII.  The  procedure 
followed  for  scheduling  the  discharge  throttle  requires 
definition  as  it  is  important  when  comparing  the 
experimental  results  with  theoretical  results. 
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The  throttle  was  closed  from  the  test  operators 
console  at  a  rate  of  0.5%/sec  from  the  near  stall  condition 
until  stall  occurred.  For  the  time-resolved  test,  stall 
was  determined  by  an  automatic  sensing  probe  at  the  inlet 
to  the  compressor.  The  probe  was  the  same  as  the  forward 
and  aft  facing  probe  detailed  in  Section  IV  Figure  4.7. 

The  pressures  sensed  by  the  forward  and  aft  impact  probe 
were  pneumatically  connected  to  each  side  of  a  delta 
pressure  transducer.  The  voltage  output  of  the  transducer 
was  monitored  by  an  electronic  circuit .  When  the 
transducer  output  voltage  switched  from  positive  to 
negative,  indicating  flow  reversal,  the  circuit  indicated 
stall.  When  stall  was  sensed,  a  message  was  sent  to  the 
TAC  computer  (defined  in  Section  VII  Test  Facility)  to 
begin  opening  the  discharge  throttle  at  a  rate  of  50%  of 
full  open  per  second.  The  discharge  throttle  continued  to 
open  until  the  stall  was  no  longer  sensed  by  the  inlet 
probe.  Nominally,  the  delay  from  sensing  stall  until 
clearing  required  slightly  more  than  one  second  for  a 
rotating  stall.  One  second  was  adequate  for  characterizing 
the  transition  from  an  unstalled  to  an  in-stall  condition. 
The  time  required  to  establish  a  nonvarying  condition  is 
discussed  further  in  Section  VII. 
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VII.  DATA  ANALYSIS  AND  RESULTS 

Data  analysis  is  discussed  in  three  different 
sections.  The  first  section  involves  a  description  of  a 
state-of-the-art  multistage  compressor  dynamic  performance 
model  developed  by  Davis  [44]  and  a  review  of  the  test 
cases  used  to  validate  the  model.  The  second  section 
includes  an  analysis  of  the  time-averaged,  steady  and 
quasi -steady ,  in  stall  performance  of  the  CRF  test 
compressor  described  in  Section  IV.  The  third  part  covers 
analysis  of  the  in-stall  time-resolved,  close-coupled  and 
high-response  data  obtained  in  the  CRF  test  compressor 
during  its  transition  from  an  unstalled  condition  into 
rotating  stall.  Analysis  of  the  experimental  results 
includes  the  use  of  these  data  with  the  multistage  model 
developed  by  Davis,  and  comparison  of  test  results  with 
results  generated  by  the  model.  In  addition,  in-stall 
hysteresis  is  discussed  and  methods  to  minimize  in-stall 
hysteresis  levels  are  presented. 

Prior  to  describing  the  data  obtained  during  tests,  a 
brief  description  of  the  multistage  compressor  model 
developed  by  Davis  will  be  presented.  This  multistage 
compressor  model  represents  the  state-of-the-art  in 
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high-speed  multistage  compress ~r  dynamic  performance 
modeling.  Validation  of  the  Davis  model  has  been 
heretofore  limited  due  to  the  lack  of  multistage  high-speed 
compressor  dynamic  and  quasi-steady  in-stall  data.  The 
data  presented  in  this  report  are  suitable  for  further 
validation  of  the  Davis  model,  and  are  therefore  used  to 
prescribe  model  improvements. 

A.  Multistage  Model  Description 

The  model  developed  by  Davis  is  the  only  model  in  the 
open  literature  that  predicts  multistage  compressor 
stalling  performance  from  stage  characteristics.  This 
model  is  a  one-dimensional,  compressible,  unsteady, 
stage-by-stage  compressor  dynamic  performance  model.  It 
describes  the  system  behavior  of  a  multistage  compressor 
during  events  such  as  surge  and  rotating  stall.  The  model 
follows  a  control  volume  approach  similar  to  the  one  used 
with  low-speed  models  by  Greitzer  [3] .  A  numerical 
technique  is  utilized  for  solving  the  non-linear  equations 
of  mass,  momentum  and  energy  conservation  for  each 
component  control  volume.  The  compressor  is  divided  into 
component  control  volumes  beginning  with  the  compressor 
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bellmouth.  Each  individual  stator  and  rotor  combination 
(stage)  is  considered  to  be  a  distinct  control  volume.  The 
exit  ducting  is  also  divided  into  individual  control 
volumes.  Each  component  volume  must  be  small  enough  to 
preserve  the  dynamic  characteristics  of  the  multistage 
compressor.  Forces  acting  on  the  fluid  in  each  control 
volume  containing  blades,  i.e.,  forces  due  to  the  effects 
of  compressor  blading  and  the  walls  of  the  compressor 
annulus,  are  input  as  an  axial  force  distribution  (FX) . 

Heat  input  (Q) ,  and  shaft  work  (SW) ,  both  per  unit  length, 
are  also  input  into  the  control  volume.  For  the 
experimental  comparisons  provided  herein  heat  input  was  not 
considered,  i.e.,  the  flow  was  assumed  to  be  adiabatic. 
Therefore  heat  transfer  is  not  included  in  the  description 
of  the  model  presented  in  this  report. 

The  blade  forces  and  shaft  work  must  be  provided  to 
the  model  in  the  form  of  measured  stage  pressure  and 
temperature  characteristics.  Stage  characteristics  are 
defined  such  that  stage  pressure  rise  and  temperature  rise 
can  be  determined  for  a  given  corrected  speed,  overall  mass 
flow  rate,  and  inlet  total  pressure  and  total  temperature 
conditions.  Stage  temperature  rise  is  needed  to  determine 
the  stagnation  enthalpy  rise  within  the  stage,  from  shaft 
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work  (SW) ,  necessary  for  energy  conservation  concerns.  The 
stage  pressure  rise  is  required  to  determine  the  pressure 
forces  (FX)  acting  on  the  fluid  due  to  the  compressor 
rotor.  These  pressure  forces  must  be  considered  to  assure 
momentum  conservation. 

The  inlet  boundary  conditions  of  pressure  and 
temperature  for  the  control  volume  are  time -dependent .  The 
exit  boundary  conditions  are  either  specification  of  static 
pressure,  or  of  a  unity  Mach  number.  The  governing 
equations  for  the  control  are  described  below. 


1 .  Governing  equations 


Mass  conservation  for  one-dimensional,  unsteady, 
compressible  flow  can  be  expressed  as 


/ ,  ,  61/  , 

'  I*-  +  - d.v 

\  6.v 


W  B  d  X 


\ 

^  leaving 


I  PAdx)  \ 

\  61  I  = 


enuring 


where 


W  -  puA 


and  W B  -  bleed/ low 

The  model  allows  for  introduction  of  a  bleed  flow, 
(W B) ,  in  the  continuity  equation.  During  tests  of 
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the  10-stage  compressor,  bleed  flows  were  minimal  and 
considered  negligible.  Therefore  the  appropriate  model 
continuity  equation  can  be  rewritten  as 

6(pA)  f)W 
61  6x 

The  axial  forces  acting  on  the  fluid  in  the  control 
volume  for  conservation  of  axial  momentum  consideration 
include  pressure  and  the  blade  forces  (Fg) ,  as  defined  by 
the  following  equation.  The  blade  forces  and  pressure 
forces  were  input  from  measured  stage  characteristics. 


v  6 1  P  s  A  I  <5  A 

)  F  =  F  g  dx - d  x  *  P .  —  d  x 

^  '  8  6x  s6x 


The  total  rate  of  cho  ge  of  axial  momentum  of  the 
fluid  in  the  control  volume  is  identified  as 


6  7  61  pu2  A  1 

—  (up  Adx)  +  pu  A  + - dx-pu  A 

6t  6x 
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The  conservation  of  momentum  equation  reduces  to 


61.  6  {IMP) 


where 


IMP  =  Wu  -PSA 


r.Y=  P*~+F„ 
b  x 

The  energy  equation  for  the  fluid  in  the  control 


volume  is 


6  u2)  6 

ISW (I x  =  —  I  e  +  —  JpAclx  -  ~[puA{h)](lx 


. ,  .  .  ^  OI  .  6(ZT.l)  611 

which  reduces  to  -SI*/'  *=  — ^ - — 

6t  dx 


where 


//  =  Ur'tl 


E'P  °*2 


h-  C  p{Tr-T  r„) 

Shaft  work  (SW)  is  determined  from  measured  stage 
characteristics  as  defined  previously. 
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2_t.  stage 


The  stage  characteristics  required  by  the  model  must 
be  provided  in  terms  of  flow  coefficient  defined  as 

/  r u  £/  <* >  <.».«■.  \ 

\  .  r'~A~  i  :  ( 

\  _  '  1  return  I  _  •' 

*  0.15378 


temperature  coefficient  defined  as 


-17*/?-  I  J 


(  4] 

V  1  8  J  rlostqn 

fTl 

V  Vs  /  uclua  l 


and  pressure  coefficient  defined  as 


p r  =  TR  r  - 


(") 

\  •.  9  /  dosiqn 

(T) 

\  V®  /  actual 


where 


To  model  the  dynamic  characteristics  of  the  stage 
during  the  stalling  process,  blade  forces  are  lagged 
through  the  use  of  a  first-order  lag  function.  Lagging  the 


blade  forces  simulates  the  dynamics  of  a  compressor  during 
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its  transition  into  rotating  stall  or  surge.  Test  results 
[1]  have  shown  the  existence  of  a  transition  time 
associated  with  compressors  during  the  stalling  event . 

This  is  the  time  required  to  stabilize  into  a  steady 
in-stall  or  surge  condition.  The  time  constant  for  the 
lagging  function  in  the  model  is  a  variable  which  can  be 
adjusted  to  vary  model  results.  The  first  order  lag 
function  for  the  blade  forces  is  defined  as 


Fx 


FXSS 


rdFx 

dt 


where  T 

is  the  first  order  lag  time  constant. 

JL.  Solution  methods  SOd.  P<?<fe3.  vgJ-idAt-lQn 


The  model  governing  equations  are  mathematically 
hyperbolic  and  therefore  require  specification  of  initial 
and  boundary  conditions.  The  solution  for  a  mathematically 
hyperbolic  set  of  equations  is  computed  by  marching  outward 
in  time  while  satisfying  the  boundary  conditions.  The 
governing  equations  were  solved  by  Davis  using  the 
MacCormack  second-order  finite-difference  scheme  [45] . 


132 


Because  the  model  poses  a  boundary  value  problem  as  well  as 
an  initial  value  problem  a  method  for  treatment  of  the 
boundaries  was  required.  The  model  utilizes  the 
method-of-characteristics  (MOC)  for  unsteady  compressible 
flow,  neglecting  body  forces  and  heat  sources  for 
determination  of  the  compressor  inlet  boundary  conditions. 
The  compressor  exit  boundary  conditions  are  either 
determined  with  the  MOC  scheme  for  unchoked  flow  or  with  an 
isentropic  sonic  nozzle  scheme  for  choked  flow. 

Davis  [44]  reported  that  his  model  was  validated  with 
two  test  cases .  One  test  case  involved  a  low-speed, 
three-stage,  axial-flow  compressor  [46] .  The  other  test 
case  involved  a  nine-stage,  high-speed,  axial-flow 
compressor  [17] .  A  brief  description  of  these  test  cases 
will  be  provided.  This  description  will  clarify  the 
limitations  of  the  validation. 

a.  Three-stage  low-speed  case  As  described 
previously,  the  model  requires  experimentally  determined 
stage  characteristics  that  yield  blade  forces  and  stage 
work  inputs  for  each  control  volume.  For  the  three-stage 
test  case,  data  were  available  as  reported  by  Greitzer  [4] 
and  Gamache  and  Greitzer  [16]  and  Gamache  [46] .  Individual 
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stage  and  overall  pressure  rise  characteristics  were 
measured  for  their  test  compressor.  These  characteristics 
were  determined  for  the  unstalled  compressor,  the 
compressor  operating  in-stall,  and  the  compressor  operating 
in  the  reverse  flow  region.  These  data  represent  a 
complete  set  of  pressure  characteristics  for  the  multistage 
Davis  model.  Temperature  characteristics  were  only 
measured  for  the  overall  compressor.  Therefore,  stage 
temperature  characteristics  for  the  model  were  assumed  to 
be  the  same  for  each  stage  while  producing  the  measured 
overall  temperature  rise  characteristic.  The  model  results 
were  compared  with  the  measured  [4]  overall  dynamic  stall 
and  surge  performance  of  the  low-speed,  three-stage 
compressor.  The  multistage  model  predicted  the  same 
performance  trends  as  were  measured.  Davis  concluded  that 
the  model  correctly  matches  the  dynamics  of  a  low-speed 
compressor  in  surge  and  rotating  stall.  Further  validation 
involving  a  high-speed,  nine-stage  compressor  was  sought  to 
determine  the  usefulness  of  the  model  for  predicting  stall 
and  surge  events  for  high-speed  multistage  compressors. 
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b .  Nine-staae  high-speed  compressor  case 
High-speed  multistage  compressor  stage  data  were  not 
available  to  Davis  in  the  open  literature.  Results 
reported  by  Hosny  et  al.  [1],  from  the  10-stage  energy 
efficient  engine  compressor  test,  detailed  unstalled  and 
in-stall  characteristics  for  the  overall  compressor  but  not 
for  the  individual  stages.  Therefore,  Davis  synthesized 
unstalled  stage  characteristics  for  a  nine-stage  compressor 
configuration  from  a  stage-stacking  model  described  in 
[47] .  In-stall  characteristics  and  reverse  flow 
characteristics  were  estimated  based  on  previously 
described  low-speed  compressor  characteristics.  Model 
results  were  compared  qualitatively  with  measured  results 
obtained  by  Hosny  and  Steenken  [17]  for  the  high-speed, 
10-stage  energy  efficient  engine  compressor  test  described 
in  Section  II.  Only  qualitative  comparisons  could  be  made 
between  the  Davis  predictions  and  the  energy  efficient 
engine  compressor  data  as  the  model  geometry  was  for  a 
different  compressor  (nine-stage  unstalled  stage-stacking 
model)  from  the  energy  efficient  compressor. 

Qualitatively,  the  model  did  predict  dynamic  events  similar 
to  those  seen  in  the  tests  described  by  Hosny.  No 
quantitative  comparisons  were  made  and  therefore,  a  more 
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complete  validation  of  the  models  ability  to  predict 
high-speed  compressor  behavior  was  not  possible.  The  data 
defined  in  the  next  section  provide  the  information 
necessary  for  a  high-speed  compressor  quantitative 
evaluation  of  the  Davis  model. 

B.  Steady  Unstalled  and  Quasi-steady  In-stall  Performance 

The  data  obtained  from  the  CRF  10 -stage  compressor 
test  program  provide  the  information  needed  to  more 
thoroughly  validate  the  multistage  model  developed  by 
Davis.  In  addition,  these  test  data  provide  some  insight 
into  the  differences  in  quasi-steady  in-stall  performance 
and  recovery  that  exists  between  low-speed  multistage 
compressors  and  high-speed  multistage  compressors. 

The  data  that  describe  the  unstalled  and  in-stall 
performance  of  the  CRF  test  compressor  were  obtained  as 
described  in  Section  VI.  In  addition  a  special  procedure, 
described  below,  was  followed  in  obtaining  the  data  set  for 
78.5%  speed.  With  the  compressor  operating  in-stall  ano 
the  throttle  open  to  the  operating  point  nearest  to  causing 
the  compressor  to  unstall,  the  throttle  was  closed  at  fixed 
increments  and  data  obtained.  These  data  duplicated  the 
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in-stall  performance  data,  thereby  indicating  that  once  on 
the  in-stall  portion  of  the  characteristic,  throttling  the 
compressor  resulted  in  performance  along  the  in-stall 
characteristic . 

The  stage  pressure  and  temperature  characteristics  can 
be  used  to  determine  stage  work  and  blade  force  input  for 
the  Davis  multistage  model.  The  stage  characteristics  were 
ascertained  from  the  equations  defined  in  the  model 
description.  The  in-stall  portion  of  the  characteristic, 
measured  during  the  CRF  compressor  test,  is  representative 
of  the  time-averaged  change  in  pressure  and  temperature 
across  the  stage  during  quasi-steady  rotating  stall 
operation  and  therefore  is  not  in  the  truest  sense  a  steady 
state  characteristic  as  is  the  unstalled  characteristic. 

The  in-stall  characteristic  is  a  repeatable  representation, 
for  a  given  operating  condition,  of  the  average  change  in 
pressure  and  temperature  across  a  stage  during  rotating 
stall  operation.  Parallel  compressor  theory,  discussed  in 
Section  II,  suggests  that  while  in  rotating  stall  the  stage 
is  actually  operating  with  part  of  the  annulus  on  an 
unstalled  chatacteristic  and  the  other  part  on  a  zero  or 
negative  flow  characteristic.  Parallel  compressor  theory 
does  not  require  a  time-averaged  representation  of  stage 
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pressure  and  temperature  rise  while  operating  in  rotating 
stall.  For  the  one-dimensional  model  developed  by  Davis 
the  time  averaged  temperature  across  the  stage  is 
necessary,  therefore  the  in-stall  characteristic  as  defined 
above  was  measured  and  provided  as  input  to  the  model . 

The  measured  stage,  pressure  and  temperature, 
characteristics  are  presented  as  a  function  of  flow 
coefficient.  Both  overall  compressor  and  individual  stage 
characteristics  are  presented.  The  effects  of  compressor 
speed  and  variable  geometry  on  overall  compressor  and 
individual  stage  characteristics  are  also  displayed. 

1 .  Compressor  speed  effects 

The  overall  compressor  pressure  rise  characteristics 
for  the  compressor  operating  at  the  five  design  corrected 
speeds  mentioned  in  Section  VI  with  variable  vanes  set 
at  nominal  positions  are  presented  in  Figure  7.1.  Detailed 
overall  compressor  data  at  each  speed  for  the  compressor 
operating  prior  to  stall,  at  the  initial  in-stall  pci.nt, 
for  different  throttle  settings  in-stall,  and  after  the 
stall  was  cleared  from  the  compressor  are  provided  in 
Appendices  B,C,D,E,  and  F,  Figures  13.1,  14.1,  15.1,  16.1, 


TEST  COMPRESSOR  OVERALI 
PRESSURE  CHARACTERISTIC 
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and  17.1  respectively.  The  in-stall  data  include 
information  obtained  in  the  in-stall  hysteresis  region. 
During  compressor  stalling  and  recovery  data  were  obtained 
at  a  rate  of  147  samples/second  for  all  data  channels. 

These  data  were  arithmetically  averaged  over  time  to 
obtain  a  more  precise  near-stall  and  near-recovery 
conditions.  These  operating  conditions  are  noted  on  the 
overall  compressor  characteristic  with  hatched  lines.  This 
method  for  determining  the  near-stall  and  near-recovery 
conditions  was  followed,  if  required,  for  all  overall 
compressor  data  presented  in  this  section.  At  most  speeds 
this  method  was  not  required  because  time-averaged  data 
were  obtained  at  the  near-stall  and  near-recovery  operating 
point . 

The  compressor  overall  characteristics  (Figure  7.1) 
indicate  that,  for  all  speeds,  the  in-stall  compressor 
performance  characteristics  were  lower  in  pressure 
coefficient  and  flow  coefficient  than  before  stall.  The 
initial  in-stall  operating  points  for  each  shaft  speed  are 
pointed  out.  The  initial  in-stall  point  flow  coefficient 
is  progressively  lower  with  increases  in  speed  level.  This 
reduction  in  initial  in-stall  point  flow  coefficient  with 
increased  shaft  speed  level  is  true  for  all  individual 
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stages  also,  as  is  indicated  by  the  detailed 
characteristics  in  Appendices  B,C,D,E  and  F. 

Details  of  the  stalling  event  will  be  discussed  in  the 
next  subsection  on  dynamic  performance  of  the  compressor. 
Figure  7.1  also  indicates  that  in-stall  characteristics 
have  the  same  basic  slope  at  all  speeds,  but  are  offset  to 
lower  pressure  coefficient  values  as  speed  increases.  This 
reduction  in  overall  pressure  coefficient  with  increase  in 
shaft  speed  is  discussed  further  with  stage  performance 
results . 

Also  the  in-stall  hysteresis,  as  defined  in 
Section  I,  appears  to  be  limited  by  a  pressure  coefficient 
of  near  0.44  for  the  CRF  test  compressor.  For  all  speeds, 
the  compressor  recovers  from  a  in-stall  operating  condition 
when  the  overall  pressure  coefficient  reaches  approximately 
0.44.  For  74.5%  and  78.5%  design  speed  the  in-stall 
performance  line  extends  almost  all  the  way  to  the 
unstalled  characteristic.  At  these  higher  speeds,  the 
transition  from  in-stall  operation  to  stall  recovery  is  not 
a  rapid  increase  in  flow  and  pressure  as  was  the  case  at 
lower  speeds.  Instead,  at  these  higher  speeds,  a  small 


141 


increase  in  flow  and  pressure  occurs  during  the  transition 
from  in-stall  operation  to  stall  recovery.  Some  recovery 
strategies  based  on  this  observation  are  presented  later. 

The  extent  of  the  CRF  test  compressor  in-stall 
hysteresis  can  be  represented  by  the  following  equation, 

$  ii p 

H ,  =  I  -  — — 

0.VRP 

where  is  a  measure  of  compressor  in-stall  hysteresis. 

For  a  compressor  having  a  near-recovery  flow 

coefficient  (  x  )  equal  to  the  flow  coefficient  at  the 

r  ,\rp 

initial  in-stall  condition  (  x  ) ,  the  hysteresis  would  be 
zero .  The  lower  the  hysteresis  factor  (Hf ) ,  the  more 
recoverable  the  compressor  is.  Figure  7.2  details  the 
hysteresis  factors  for  all  compressor  speeds  tested.  In 
addition  hysteresis  factors  have  been  calculated  from  data 
presented  by  Hosny  et  al .  [1]  for  the  10-stage  energy 

efficient  engine  compressor  they  tested.  Figure  7.2 
indicates  that  hysteresis  levels  in  the  CRF  test  compressor 
increase  as  speed  levels  increase.  The  high  hysteresis 
level  at  78.5%  design  speed  for  the  CRF  test  compressor 
reflects  poor  compressor  in-stall  recoverability. 


IN-STALL  HYSTERESIS 

COMPARISON 
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Figure  7.2  also  shows  that  the  CRF  test  compressor  has 
greater  in-stall  hysteresis  levels  than  the  10-stage  energy 
efficient  compressor  and  that  the  trend  for  the  energy 
efficient  compressor  of  hysteresis  levels  dropping  with 
speed  are  opposite  in  the  CRF  test  compressor.  Overall 
performance  data  for  the  energy  efficient  compressor  (E3) 
and  the  CRF  test  compressor  are  presented  in  Figure  7.3. 
These  data  clearly  show  the  high  level  of  in-stall 
hysteresis  experienced  by  the  CRF  10-stage  test  compressor. 
Analysis  of  the  individual  stage  characteristics  for  the 
CRF  test  compressor  provides  a  possible  reason  for  the 
large  amount  of  in-stall  hysteresis  associated  with  the  CRF 
10-stage  test  compressor. 

The  overall  temperature  characteristic  of  the 
CRF  10-stage  compressor,  shown  in  Figure  7.4,  indicates  a 
continuously  rising  temperature  coefficient  with  reduction 
' n  flow  coefficient.  Details  of  the  stage  temperature 
characteristics  show  that  this  trend  of  rising  temperature 
with  reduction  of  flow  is  not  true  for  all  stages  in  the 
CRF  10-stage  compressor. 

Overall  pressure  characteristics  are  similar, 
trendwise  to  those  obtained  by  Day  et  al .  [13],  and  Urasek 

et  al .  [19]  with  low-speed,  low  pressure  ratio  compressors. 


PERFORMANCE  COMPARISON 
UNSTALLED  AND  IN-STALL 
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Further  investigation  into  the  CRF  10-stage  compressor 
individual  stage  results  indicate  that  complex  interactions 
exist  between  stages  because  of  mismatching. 

It  is  appropriate  at  this  point  to  discuss  the 
significance  of  pressure  characteristic  slope  to  the 
operation  of  a  compressor  stage  as  it  is  important  to  the 
analysis  presented  in  this  report.  Three-stage  compressor 
low  speed  results  reported  by  Day  [30]  indicated  for  low 
C  /U  designs  it  was  possible  to  have  a  negative  sloping 
overall  characteristic  with  rotating  stall  present  within 
the  compressor.  For  the  compressor  configured  with  a 
design  C  /U  of  0.35  a  multi-cell  tip-stall  was  detected 
over  a  small  flow  coefficient  range  on  the  negatively 
sloped  portion  of  the  characteristic.  This  portion  of  the 
negatively  sloped  characteristic  with  rotating  stall 
present  was  preceded  by  compressor  operation  on  a  positive 
portion  of  the  characteristic  where  four  rotating  stall 
cells,  spanning  the  hub  region  of  two  stages,  were  present. 
No  rotating  stall  was  detected  prior  to  operation  on  the 
four  cell  positive  slope  portion  of  the  characteristic. 

This  suggests  that  initial  stalling  was  indicated  with  a 
change  in  slope  of  the  characteristic  from  negative  to 
positive.  It  is  on  this  basis  that  a  continuous  negatively 
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sloping  characteristic  is  assumed  to  represent  unstalled 
stage  operation.  For  a  second  low  speed  compressor 
configuration  (see  Ref.  [31])  with  a  design  C  /U  above  0.35 

X 

no  evidence  of  rotating  stall  was  found  while  operating  on 
the  negatively  sloped  portion  of  the  characteristic.  Since 
the  CRF  test  compressor  is  a  high  speed  compressor  with  a 
design  C  /U  much  above  0.35,  and  because  of  time-resolved 

X 

stage  pressure  information  to  be  presented  later  it  was 
assumed  that  continuous  negatively  sloped  pressure 
characteristics  represent  unstalled  operation  of  a  stage. 
Unstalled  operation  is  defined  to  represent  the  absence  of 
a  full  span  single  cell  rotating  stall.  It  is  possible 
that  some  portion  of  the  rotor  may  be  operating  under  a 
multi-cell  rotating  stall  condition  while  the  stage  is 
operating  on  the  negatively  sloped  portion  of  the 
characteristic.  Further  discussion  relating  to  detection 
of  stall  within  a  stage  will  be  provided  with  the 
time-resolved  CRF  10-stage  compressor  test  results. 

The  first  stage  pressure  characteristics  of  the  CRF 
test  compressor  for  all  speeds  tested  are  presented  in 
Figure  7.5.  Details  of  the  pressure  and  temperature 
characteristics  of  all  stages  for  all  speeds  are  provided 


10-STAGE  TEST  COMPRESSOR 
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in  Appendices  B,C,D,E,  and  F.  The  data  in  Figure  7.5  show 
that  the  pressure  characteristic  of  the  first  stage  is 
essentially  the  same  for  all  speeds.  The  data  also 
indicate  that  individual  stage  pressure  coefficient  levels 
may  increase  when  the  overall  compressor  stalls  as  the 
slope  of  the  characteristic  is  positive  after  overall 
compressor  unstalled  operation. 

Figure  7.5  shows  that  after  overall  compressor  stall 
the  first  stage  produces  a  greater  pressure  rise  than  when 
the  overall  compressor  was  unstalled  because  the  slope  of 
the  characteristic  is  still  negative.  At  lower  flow 
coefficients  (0.2)  the  first  stage  does  appear  to  be 
in-stall  since  the  slope  of  its  characteristic  is  positive. 
The  characteristic  is  similar  in  nature  to  single  stage 
undergoing  progressive  stall  defined  in  Ref.  [48] . 
Progressive  stall  is  a  gradual  increase  in  blocked  annulus 
area  due  to  stall,  resulting  in  a  continuous  positively 
sloped  characteristic.  Reference  [49]  indicated  that 
progressive  stall  was  prevalent  in  inlet  stages  of  a 
multistage  compressor.  Figure  7.6  indicates  by  the 
dashed  line  that  the  stage  did  not  gradually  become  blocked 
by  the  stall  cell  as  defined  for  progressive  stall. 

Instead,  an  abrupt  drop  in  flow  coefficient  occurred  when 


1ST  STAGE  PRESSURE  CHARACTERISTIC 
78.5%  DESIGN  CORRECTED  SPEED 
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the  middle  stages  stalled  resulting  in  overall  compressor 
stall.  Then,  as  overall  compressor  recovery  was  initiated 
by  opening  the  compressor  exit  throttle,  the  continuous 
progressive  stall  nature  of  the  first  stage  characteristic 
was  exposed.  The  legend  labeling  for  Figure  7.6  is  defined 
for  the  overall  compressor  operation.  Therefore,  the 
symbols  for  unstalled  operation  are  for  the  overall 
compressor  operating  condition.  The  occurrence  of  some 
stages  operating  unstalled  while  others  are  in  stall  was 
observed  by  Giannissis  et  al .  [20]  in  a  three  stage 

mismatched  compressor  test.  Mismatching  of  stages  within 
the  CRF  test  compressor  resulted  in  some  stages  operating 
unstalled  while  the  overall  compressor  exhibited  stalled 
performance  levels. 

Stages  at  the  front  of  the  compressor  perceive  the 
stall  cell  in  the  middle  stages  of  the  compressor  as  a 
throttle,  and  therefore  operate  at  higher  pressure 
coefficients  levels,  than  they  would  without  the  middle 
stages  stalling.  Additional  support  for  the  notion  that 
rear  stages  operating  in  rotating  stall  act  as  a  throttle 
to  front  stages  in  the  CRF  test  compressor  will  be 
presented  with  the  time-resolved  results.  Data  shown 
previously  in  Figure  7.6  provide  further  evidence  that  the 
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stall  cell  in  the  middle  stages  of  the  CRF  test  compressor 
acts  as  a  throttle  for  the  first  three  stages.  At  78.5%  of 
design  corrected  speed  the  first  stage  characteristic  has 
two  identical  operating  points  for  different  compressor 

.  2 

exit  throttle  settings.  The  exit  throttle  area  of  16.2  in 
2 

(104.5  cm  )  for  the  overall  unstalled  compressor  operation 

produces  the  same  operating  point  as  an  exit  throttle  area 
2  2 

of  29.2  in  (188.4  cm  )  for  overall  compressor  m-stall 
operation.  This  similarity  of  operating  point  for  two 
distinct  throttle  areas  also  occurred  in  the  second  and 
third  stages  as  shown  in  Appendix  F,  Figures  17.3  and  17.4. 
Additional  evidence  of  individual  stages  of  the  CRF  test 
compressor  operating  on  the  unstalled  part  of  their 
characteristic  while  other  stages  are  operating  in-stall 
are  provided  later  in  this  section  and  also  when 
time-resolved  data  are  analysed  in  the  next  section  of  this 
report . 

Increased  pressure  rise  in  individual  stages  after 
overall  compressor  stalling  has  not  been  observed  in 
low-speed,  low-pressure-rise  compressor  in-stall  tests  and 
therefore  must  be  an  important  consideration  in  high-speed 
multistage  modeling. 
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Figure  7.7  details  the  pressure  characteristics  of  the 
second  stage  of  the  CBF  test  compressor  for  all  test 
speeds.  Unstalled  pressure  coefficient  levels  range  from 
0.0  to  0.4  with  the  characteristic  nearly  vertical.  When 
stage  pressure  characteristics  are  near  vertical  the  stage 
is  operating  at  high  flow  conditions  far  frcm  stall  (see 
Figure  1.2,  Section  I).  As  the  characteristic  becomes  more 
nearly  horizontal  (zero  slope)  stalling  is  more  likely.  At 
zero  or  small  positive  slopes  stalling  occurs. 

Data  shown  in  Figure  7.7  indicate  that  the  second 
stage  is  operating  far  from  stall  in  the  overall  compressor 
unstalled  operating  region.  When  the  overall  compressor 
stalls,  overall  flow  levels  are  reduced  and  the  second 
stage  moves  up  to  a  higher  pressure  rise  operating  location 
on  the  negative  sloped  portion  of  the  characteristic.  The 
second  stage,  like  the  first  stage,  appears  also  to  be 
operating  unstalled  when  the  overall  compressor  is 
operating  on  the  in-stall  portion  of  its  characteristic. 
Unlike  the  first  stage  which  eventually  stalls,  the  second 
stage  does  not  stall,  even  when  passing  very  low  fl'w. 

Large  flow  fluctuations,  as  a  result  of  a  middle  stage  of 
the  compressor  stalling,  would  normally  cause  a  nearby 
stage  to  stall  if  it  were  operating  near  to  its  stall 
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point.  Stages  operating  at  flow  coefficients  appreciably 
above  the  value  for  stall  or  near  their  choke  limit, 
however,  tend  to  decrease  the  amplitude  of  flow 
fluctuations  resulting  from  rotating  stall  in  other  stages 
and  therefore  may  not  stall  (see  Ref.  [49]) .  The  large 
flow  coefficient  range  (0.1  to  0.35)  of  second  stage 
unstalled  operation,  detailed  in  Figure  7.7,  may  be  a 
result  of  the  pressure  fluctuations  being  imposed  upon  it 
from  the  rear  stalled  stages.  Epstein  [35]  reported  that 
it  is  possible  to  conteract  the  disturbance  that  initiates 
rotating  stall  by  creating  an  imposed  disturbance.  This  is 
one  possible  explanation  for  the  large  flow  coefficient 
range  of  unstalled  operation  of  stage  2,  and  stage  3  to  be 
discussed  next.  The  data  in  Figure  7.7  also  indicate  that 
unlike  the  first  stage,  the  second  stage  produces  higher 
pressure  coefficient  levels  in  the  overall  compressor 
in-stall  operating  region,  at  lower  speeds  levels. 

The  data  in  Figure  7 . 8  for  the  third  stage  also 
indicate  this  second  stage  trend  of  lower  pressure 
coefficient  at  higher  speeds.  At  speeds  above  59.7s-  design 
corrected  speed  the  third  stage  of  the  CRF  test  compressor 
suffers  losses  that  are  large  enough  to  result  in  a 
negative  pressure  coefficient  during  overall  unstalled 
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operation.  The  third  stage  also  exhibits  a  characteristic 
that  indicates  unstalled  operation  while  the  overall 
compressor  is  operating  on  the  in-stall  portion  of  its 
characteristic.  Stages  2  and  3  do  not  appear  to  be  stalled 
during  overall  compressor  in-stall  operation. 

The  reduced  values  of  pressure  coefficient  for  stages 
2  and  3  associated  with  the  overall  compressor  operating 
in-stall  are  the  primary  reason  for  the  lower  overall 
compressor  in-stall  characteristic  at  higher  speeds  (see 
Figure  7.1) .  If  the  pressure  rise  from  stages  2  and  3 
could  be  increased  by  altering  vane  positions  with  no  other 
stage  affected,  the  overall  in-stall  characteristic  could 
be  raised  to  higher  pressure  rise  levels.  This  alteration 
could  also  result  in  a  more  recoverable  compressor. 

Data  shown  in  Figure  7 . 9  represent  the  fourth  stage 
characteristics  of  the  CRF  test  compressor  for  all  speeds 
tested.  The  slopi  of  the  characteristics  for  both 
unstalled  and  in-stall  operation  of  the  compressor  does  not 
vary  with  speed.  The  level  of  the  unstalled  pressure 
characteristic  (0.08)  is  much  higher  than  the  levels 
obtained  by  stages  1  thru  3  (0.02  to  0.045),  indicating  a 
much  higher  loading  of  the  fourth  stage  compared  to  the 
first  three  stages.  The  high  loading  of  stage  four  and  low 
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loading  of  stages  one  through  three  results  in  a 
mismatching  between  stages  three  and  four  at  the  speeds 
tested.  The  fourth  stage  operates  near  stall  while  the 
first  three  stages  are  still  operating  far  from  stall.  At 
49.7%  speed,  the  unstalled  fourth  stage  characteristic 
extends  well  into  the  positive  slope  region  prior  to  the 
overall  compressor  stalling.  No  other  unstalled  stage 
characteristic  reaches  a  positive  slope  at  49.7%  of  design 
speed  prior  to  compressor  stalling.  Therefore,  it  is 
suggested  that  at  49.7%  speed  the  fourth  stage  initiates 
overall  compressor  stalling. 

The  mismatching  between  stages  three  and  four  results 
in  the  CRF  test  compressor  operating  as  if  it  consisted  of 
two  compressors,  one  compressor  made  up  of  the  first  three 
stages  that  are  unloaded,  and  the  other,  a  seven-stage 
compressor  with  a  front  stage  (stage  four)  loaded  to  near 
stall  at  49.7%  speed.  This  observed  mismatching  is 
important  for  understanding  the  reason  for  the  large 
in-stall  hysteresis  levels  associated  with  the  CRF  10-stage 
compressor.  This  type  of  mismatching,  unloading  th<r  first 
three  stages  at  low  speeds  to  increase  their  stall  free 
range,  tends  to  produce  high  overall  compressor  flow  rates 
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and  high  stall  margins  at  part  design  speed  (see  Ref. 

[49]) .  In  normal  design  practice,  at  part  design  speed, 
the  front  stages  of  a  multistage  compressor  would  be  highly 
loaded  to  create  high  pressures  for  the  back  stages  to  help 
them  avoid  choking.  These  highly  loaded  front  stages  are 
then  operating  near  stall  and  they  are  therefore  very 
susceptible  to  stalling  from  inlet  distortions.  In 
aircraft  engines  that  have  fan  stages  in  front  of  the 
compressor,  tolerance  to  fan  exit  flow  distortions  is 
desired.  This  tolerance  to  distortion  can  be  achieved  by 
unloading  the  first  three  compressor  stages  and  moving 
their  operating  point  far  from  stall  to  their  high  flow 
regions.  Further  analysis  in  this  report  will  show  that 
this  design  strategy  of  unloading  the  front  stages  of  a 
multistage  compressor  may  result  in  reduced  compressor 
recoverability . 

The  in-stall  characteristic  of  the  fourth  stage  (see 
Figure  7.9)  is  positive  sloped,  like  results  obtained  from 
low-pressure-rise,  low-speed  compressor  tests.  The  fourth 
stage  does  not  generate  the  increase  in  pressure  rise  with 
reduction  in  flow  as  did  the  first  three  stages.  Instead, 
the  pressure  rise  decreases  with  decreasing  flow  when  the 
overall  compressor  is  operating  on  its  in-stall 
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characteristic.  The  overall  compressor  in-stall  portion  of 
the  stage  characteristic  at  78.5%  design  corrected  speed 
extends  to  flow  coefficients,  0.49  and  above,  where  two 
values  of  pressure  coefficient  are  possible. 

The  fifth  stage  pressure  characteristics  are  shown  in 
Figure  7.10.  The  in-stall  characteristics  for  the  fifth 
stage  vary  slightly  with  speed.  As  was  the  case  with  the 
third  stage,  the  fifth  stage  in-stall  pressure  coefficients 
are  lower  at  the  higher  speeds.  Also,  for  74.5%  and  78.5% 
design  speeds,  there  exists  doubled  valued  operating  zones 
for  the  unstalled  and  in-stall  characteristics.  This  is 
true  for  stages  5  though  10  at  speeds  of  74.5%  and  78.5% 
design  speed  and  as  mentioned  earlier  for  stage  four  at 
78.5%  design  speed.  These  double  valued  characteristics 
for  the  stages  reflect  the  large  in-stall  hysteresis  of  the 
CRF  test  compressor  at  higher  speeds. 

The  sixth  stage  characteristics  are  shown  in  Figure 
7.11.  The  unstalled  portion  of  the  characteristic  has  a 
near  zero  slope  for  all  speeds,  indicating  high  load 
operation  for  all  speeds.  The  in-stall  characteristic  is 
positive  sloped  similar  to  the  fifth  stage. 

The  seventh  stage  characteristics  are  provided  for  all 
speeds  in  Figure  7.12.  The  slope  of  the  in-stall  portion 
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of  the  seventh  stage  characteristic  is  near  zero  for  all 
speeds.  The  unstalled  portion  of  the  characteristic 
reaches  positive  slopes  at  78.5%  design  corrected  spe^d. 

No  other  stage  characteristic  reaches  a  positive  slope  at 
78.5%  design  corrected  speed.  Therefore,  at  78.5% 
design  speed  overall  compressor  stalling  is  initiated  by 
the  seventh  stage,  not  the  fourth  stage  as  was  the  case  for 
49.7%  design  speed.  This  is  because  of  the  reduced 
pressure  rises  of  the  first  three  stages  at  78.5%  design 
speed  compared  to  those  at  49.8%  design  speed.  The  reduced 
pressure  coefficients,  and  resulting  lower  exit  fluid 
density,  for  the  first  three  stages  at  78.5%  design  speed 
cause  the  fourth  stage  to  operate  at  higher  flow 
coefficient  operating  points  (lower  pressure  coefficient 
operating  points)  than  at  49.8%  design  speed  for  the  same 
throttle  setting.  This  allows  the  compressor  exit  throttle 
area  to  be  reduced  further  until  the  seventh  stage  reaches 
its  stalling  flow  coefficient  oefore  the  fourth  stage  does. 

The  difference  in  the  stalling  stage  for  different 
speeds  may  also  have  an  effect  on  the  overall  compressor 
in-stall  hysteresis.  This  is  explored  further  in  the 
discussion  of  the  time-resolved  test  compressor  results. 
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The  eighth  stage  characteristics  provided  in  Figure 
7.13  shows  that  the  unstalled  characteristics  remains 
negatively  sloped  for  all  speeds,  indicating  that  this 
stage  does  not  initiate  compressor  stalling.  This  is  true 
for  stages  9  and  10  also.  The  in-stall  characteristics  do 
show  higher  pressure  coefficient  levels  for  the  higher 
speed  of  78.5%  of  design  corrected  speed,  but  it  is  not 
enough  to  result  in  higher  overall  compressor  pressure 
coefficients  at  the  higher  speeds. 

The  ninth  stage  pressure  characteristics  are  shown  in 
Figure  7.14  and  indicate  that  the  in-stall  portion  of  the 
characteristics  are  slightly  negative  sloped,  until  above 
flow  coefficient  levels  of  0.52.  This  type  of 
characteristic  has  been  reported  by  Day  and  Cumpsty  [31] 
for  a  high  design  C  /U  low-speed  3-stage  compressor. 

The  data  in  Figure  7.14  also  indicate  that  more  double 
valued  operating  points  exists  between  unstalled  and 
in-stall  operation. 

The  tenth  stage  pressure  characteristics  are  detailed 
for  all  speeds  in  Figure  7.15.  The  characteristics  for 
both  unstalled  and  in-stall  operation  do  not  vary 
significantly  with  speed.  The  unstalled  characteristics 
are  near  vertical  at  the  lower  pressure  coefficients, 
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indicating  high  flow  levels.  This  is  typical  for  rear 
stages  of  a  multistage  compressors  while  operating  at  the 
low  shaft  speeds  as  defined  in  Ref.  [48]  .  The  unstalled 
pressure  coefficient  curve  extends  to  negative  values  for 
more  open  throttle  settings.  The  tenth  stage  is  extracting 
work  at  these  low  speeds  for  the  more  open  throttle 
settings.  Stall  margin  of  the  overall  compressor  at  design 
speed  is  normally  controlled  by  the  stall  margin  of  the 
rear  stage  (see  Ref.  [49]) .  Matching  the  rear  stage  with 
the  front  stages  so  it  passes  very  high  flows  with  negative 
pressure  coefficients  at  78.5%  design  speed  allows  for  much 
greater  overall  compressor  stall  margin  when  the  compressor 
is  operating  at  100%  design  speed.  Therefore  mismatching 
of  the  first  three  stages,  as  discussed  earlier,  and 
mismatching  of  the  tenth  stage  result  in  high  stall  margin 
over  the  complete  range  of  operating  speed  of  the 
compressor.  However,  this  mismatching  results  in  high 
hysteresis  levels  and  low  recoverability  as  is  discussed  in 
the  next  subsection  where  the  time-resolved  data  are 
reviewed. 

The  in-stall  characteristic  for  the  tenth  stage  shown 
in  Figure  7.15  involves  negative  pressure  coefficient 
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levels  for  all  speeds  and  all  operating  points. 
Characteristics  obtained  from  low-speed,  low-pressure-rise 
compressor  tests  have  not  involved  negative  pressure 
coefficient  levels  during  overall  compressor  in-stall 
operation.  The  negative  values  are  caused  by  the  low 
pressure  rise  created  by  stages  one  through  nine  when  the 
compressor  is  operating  in  stall.  The  low  pressure  rise 
and  elevated  temperatures,  which  are  discussed  next,  result 
in  low  density  air  entering  the  tenth  stage.  The  result  is 
higher  than  anticipated  velocities  even  when  the  overall 
compressor  is  operating  in  stall.  Further  evidence  of  high 
velocities  through  the  tenth  stage  when  the  overall 
compressor  is  operating  in  stall  are  presented  in  the  next 
subsection  on  time-resolved  data.  The  in-stall 
characteristic  is  negatively  sloped  until  a  flow 
coefficient  of  0.55  is  obtained  by  opening  the  throttle. 

The  overall  compressor  did  not  operate  in  stall  at  tenth 
stage  flow  coefficients  higher  than  0.55  except  at  67.7%, 
74.5%  and  78.5%  of  design  corrected  speed.  It  is  possible 
that  for  tenth  stage  flow  coefficients  above  0.55,  the  flow 
velocities  in  the  blockage  free  part  of  the  annulus  are 
very  high  resulting  in  choking.  The  rotating  stall  cell  in 
the  middle  stages  of  the  compressor  forces  the  air  to  flow 


172 


through  the  unblocked  portion  of  the  annulus.  Even  though 
the  exit  mass  flow  rate  is  reduced  upon  stalling,  it  is 
still  high  enough  to  cause  high  velocities  through  the 
unblocked  portion  of  the  tenth  stage.  The  drop  in  pressure 
and  increase  in  temperature,  as  shown  in  Figures  7.16  and 
7.17,  after  stalling  the  overall  compressor  results  in 
lower  density  and  higher  velocities  at  the  tenth  stage. 

The  data  in  Figures  7.16  and  7.17  were  obtained  by  closing 
the  throttle  as  indicated  by  the  arrow  along  the  exit 
throttle  axis. 

After  the  compressor  has  stalled  and  the  throttle  is 
opened,  the  flow  increases  as  seen  on  the  in-stall 
characteristic  of  the  tenth  stage  in  Figure  7.15.  The 
tenth  stage  losses  also  increase  as  made  evident  by  the 
negative  sloping  in-stall  characteristic. 

Even  though  the  time  averaged  in-stall  total  pressure 
does  rise  with  throttle  opening  as  shown  in  Figure  7.18, 
thereby  increasing  the  fluid  density,  the  fluid  density  is 
still  not  large  enough  to  reduce  rotor  ten  velocity  levels. 
The  data  in  Figure  7.18  were  obtained  by  opening  the 
throttle  as  indicated  by  the  arrow  along  the  exit  throttle 
area  axis.  The  negatively  sloping  tenth  stage 
characteristic  (see  Figure  7.15)  causes  stage  operation  to 
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Figure  7.16  Test  compressor  pressure  with  throttl 
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TEMPERATURE  PROFILE 

78.5^  DESIGN  CORRECTED  SPEED 


Figure  7.17  Test  compressure  temperature  with  throttle 
closing 
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Figure  7.18  Test  compressor  pressure  rise  in-stall 
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diverge  from  the  unstalled  characteristic  with  exit 
throttle  area  increase  and  recovery  is  not  possible. 

Tenth  stage  operation  continues  down  the  in-stall 
characteristic  to  lower  pressure  coefficient  levels  as  the 
throttle  is  opened  up  to  a  throttle  area  corresponding  to  a 
tenth  stage  flow  coefficient  of  0.55.  At  this  point, 
pressure  rise  by  the  front  stages  of  the  compressor  is 
great  enough  to  increase  the  fluid  density  and  reduce  the 
velocity  level  in  the  unblocked  portion  of  the  tenth  stage. 
Tenth  stage  pressure  losses  decrease  and  the  in-stall 
characteristic  slope  changes  from  negative  to  positive. 
Stall  cell  size  reductions  also  lessen  the  level  of 
blockage  in  the  stage,  thus  further  lowering  the  velocities 
through  the  tenth  stage.  Once  the  tenth  stage  is  operating 
on  the  positive-sloped  portion  of  its  in-stall 
characteristic  recovery  is  rapid.  From  this  throttle 
setting  on  only  small  increases  in  throttle  area  were 
required  to  increase  the  pressure  rise  across  the  stage 
because  the  velocities  within  the  stage  are  decreasing  and 
losses  are  dropping.  The  reason  for  this  extended  in-stall 
operation,  resulting  in  high  levels  of  overall  compressor 
hysteresis,  is  discussed  along  with  the  time-resolved  data. 
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Stage  temperature  characteristics  for  stages  1  through 
5  of  the  CRF  test  compressor  for  all  speeds  tested  are 
presented  in  Figures  7.19  through  7.23.  The  data  show  that 
for  stages  1  through  5  the  temperature  coefficient  rises 
continuously  with  reduction  in  flow  during  overall 
compressor  in-stall  operation.  Data  in  Figures  7.24 
through  7.28  for  stages  6  through  10  indicate  that  the 
temperature  coefficient  drops  continuously  in  the  stages 
with  flow  reduction  while  the  overall  compressor  is 
operating  in-stall.  Small  and  Lewis  [12]  reported  this 
characteristic  trend  for  a  three-stage  high-speed 
compressor  as  did  Na'covska'  [32]  for  a  four-stage 
compressor.  Positive  slope  time-averaged  temperature 
characteristics  for  a  compressor  while  it  is  operating  in 
rotating  stall  have  not  been  observed  in  low-speed 
compressors  and  were  therefore  not  considered  when 
simulated  characteristics  were  developed  by  Davis  [44]  for 
the  9-stage  analytical  model. 

To  assist  in  explaining  the  effect  of  individual 
stages  on  overall  compressor  performance,  an  axial  profile 
of  total  temperature  and  of  total  pressure  for  49.7%  and 
78.5%  design  corrected  speed  are  presented  in  Figure  7.29. 
These  data  detail  the  pressure  and  temperature  rise  for  an 
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Figure  7.29  Axial  total  pressure  and  temperature  profiles  (in-stall) 
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overall  compressor  in-stall  flow  coefficient  of  0.12  for 
both  speeds  (for  details  on  this  operating  point  see  Figure 
7.1) .  The  data  in  Figure  7.29  indicate  that  stages  1 
through  5  produce  an  increase  in  the  overall  total 
pressure,  but  very  inefficiently  (accompanying  high 
temperature  rise) .  Stages  6  through  9  produce  a  pressure 
rise  with  a  temperature  drop  which  violates  thermodynamic 
principals  as  viewed  from  a  steady  state  compression 
process  and  therefore  requires  further  explanation.  The 
measured  temperature  rise  or  drop  across  any  stage  is  an 
average  value  of  the  time  varying  temperature  across  the 
stage.  Measurement  instrumentation  positioning  and 
instrumentation  frequency  response,  as  described  in  Section 
IV,  prohibited  detailed  documentation  of  the  time  varying 
temperature  caused  by  rotating  stall  cell  propagation 
within  the  compressor  annulus.  It  for  this  reason  that 
steady  compression  process  thermodynamics  do  not  apply  and 
unsteady  theories  must  be  considered.  A  possible 
explanation  for  the  measured  drop  in  temperature  across  a 
stage  with  a  rise  in  measured  pressure  is  provided  below. 

Small  and  Lewis  [12],  who  also  noted  the  drop  in  time 
averaged  temperature  with  a  rise  in  pressure,  observed 
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significant  back-flow  within  a  rotating  stall  cell  during 
their  three-stage  high-speed  compressor  tests.  Such 
back-flow,  if  extensive  enough  could  result  in  a  higher 
time-averaged  temperature  at  the  entrance  of  a  stage  than 
at  the  exit  because  of  work  input  to  the  fluid  flowing  in 
the  reverse  direction.  The  drop  in  temperature  with  rise 
in  pressure  in  the  rear  stages  of  the  CRF  test  compressor 
operating  in  stall  probably  indicates  that  significant 
reverse  flow  existed  within  stages  6  through  9  during  this 
in-stall  condition.  These  reverse  flow  conditions  within 
the  compressor  could  not  be  verified  in  the  CRF  10-stage 
compressor  because  of  the  measurement  instrumentation 
1 imitations . 

Axial  variations  of  total  temperature  and  total 
pressure  are  shown  in  Figure  7.30  for  the  overall 
compressor  flow  coefficient  of  0.26  for  both  49.7%  and 
78.5%  design  corrected  speed.  This  flow  coefficient 
corresponds  tc  an  unstalled  operating  point  very  near  to 
stall  conditions.  The  data  in  Figure  7.30  indicate  a  drop 
in  pressure  across  the  third  stage  resulting  in  little 
pressure  rise  through  the  first  three  stages.  It  also 
details  a  more  expected  result  for  a  steady  compression 
process  of  a  rise  in  pressure  with  rise  in  temperature 
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across  stages  4  through  10.  The  drop  in  pressure  and 
temperature  between  the  axial  length  of  3.5  and  3.9  feet 
represents  the  change  in  conditions  across  the  exit 
diffuser  section  of  the  compressor. 

2 .  Variable  geometry  effects 

The  effects  of  vane  setting  angle  changes  in  the  first 
three  stages  were  investigated.  Two  cases  will  be 
presented,  the  first  case  for  the  CRF  test  compressor 
operating  at  74.5%  speed  with  the  IGV,  stator  1  and  stator 
2  fixed  at  setting  angles  (nominal)  used  during  the  59.7% 
and  the  79.5%  speed  tests.  The  second  case  presented  is  at 
74.5%  speed  with  these  three  variable  vanes  opened  up  by  7 
degrees  from  the  nominal  position.  Data  were  obtained 
following  the  procedures  outlined  in  Section  VI. 

Data  for  74.5%  speed  were  chosen  for  comparison, 
because  this  speed  was  the  highest  speed  for  which 
compressor  instability  still  led  to  rotating  stall . 

Surging  occurred  at  speeds  above  74.5%  with  the  vanes  set 
at  the  +7  location.  Figure  7.31  shows  the  CRF  test 
compressor  overall  pressure  rise  characteristics  for 
nominal  geometry  and  variable  vanes  opened  by  7  degrees . 
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The  information  in  this  figure  suggests  that  the  unstalled 
portion  of  the  characteristic  is  shifted  to  a  level  of 
higher  flow  by  opening  the  variable  vanes  by  7  degrees. 

The  in-stall  portion  of  the  characteristic  was  slightly 
affected  by  the  change  in  vane  setting  angle  resulting  in  a 
slightly  lower  characteristic  for  the  vanes  at  the  7 
degrees  open  position.  The  flow  coefficient  for  the  CRF 
test  compressor  at  the  stall  point  is  the  same  for  both 
cases.  Speed  did  have  an  effect  on  the  stall  point  flow 
coefficient  as  previously  discussed  while  vane  angle 
setting  did  not. 

The  hysteresis  factor  (Hf)  for  the  nominal  case  and 
for  the  +7  variable  vane  case  for  74.5%  speed  are  the  same 
because  the  initial  in-stall  and  near-recovery  flow 
coefficients  are  nearly  identical  for  both  cases.  The 
overall  compressor  and  individual  stage  temperature  and 
pressure  rise  characteristics  for  the  two  cases  are 
provided  in  Appendix  E,  Figure  16.1  and  Appendix  G,  Figure 
13.1.  The  data  in  these  figures  also  show  that  variable 
geometry  affects  unstalled  operation,  and  has  a  small 
influence  on  the  overall  in-stall  compressor  performance. 


The  in-stall  pressure  coefficients  are  only  slightly  lower 
for  the  7  degrees  open  variable  vane  condition  because  of 
individual  stage  effects  as  explained  below. 

The  first  stage  pressure  characteristics  provided  in 
Figure  7.32  indicate  that  the  unstalled  characteristic  has 
been  shifted  to  higher  flow  coefficient  levels  by  opening 
the  variable  vanes  from  the  nominal  position.  This  is  why 
the  overall  characteristic  (see  Figure  7.31)  is  shifted  to 
higher  flow  coefficient  levels.  The  second  stage  pressure 
characteristics  are  detailed  in  Figure  7.33.  The  opening 
of  variable  vane  setting  angle  has  the  same  effect,  as  on 
the  first  stage,  the  unstalled  characteristic  is  shifted  to 
higher  flow  and  pressure  coefficient  levels.  For  the 
second  stage  opening  the  vanes  also  altered  the  in-stall 
characteristic.  The  in-stall  characteristic  is  at  higher 
pressure  coefficient  and  flow  coefficient  levels  with  the 
vanes  opened  by  7  degrees.  The  data  in  Figure  7.34  show 
that  the  same  trends  noted  for  the  second  stage  of  both 
in-stall  and  unstalled  characteristics  being  altered  by 
opening  the  first  three  stationary  blade  rows,  is  also  true 
for  the  third  stage. 

From  the  characteristics  of  the  first  three  stages,  it 
would  appear  that  the  overall  pressure  coefficient  of  the 
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Figure  7.34  Test  compressor  third  stage  pressure  characteristics 
(variable  vane  effects) 
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CRF  test  compressor  should  be  at  a  higher  level  with  the 
variable  vanes  set  at  7  degrees  more  open  from  the  nominal 
position.  The  data  in  Figure  7.31  showed  that  this  is  not 
true;  instead  the  overall  pressure  characteristic  is 
slightly  lower.  The  in-stall  characteristics  of  the 
remaining  seven  stages  result  in  a  net  reduction  of  the 
overall  compressor  pressure  coefficient. 

The  change  in  variable  vane  setting  angles  had  little 
influence  on  the  pressure  characteristics  of  stages  four 
through  eight  as  demonstrated  by  the  data  in  Figures  7.35 
through  7.39.  The  in-stall  characteristic  of  the  ninth 
stage  shown  in  Figure  7.40,  is  slightly  lower  in  pressure 
coefficient  level  for  the  vanes  at  the  7  degrees  open 
setting. 

The  in-stall  characteristic  of  the  tenth  stage,  shown 
in  Figure  7.41,  has  been  considerably  altered  by  opening 
the  variable  vane  rows.  For  a  7  degree  more  open  change 
pressure  losses  are  greater  in  the  in-stall  hysteresis 
region.  Vane  position  changes  of  the  first  three  stages 
have  significant  impact  on  the  in-stall  performance  of  the 
tenth  stage.  The  higher  flows  produced  by  stages  1  through 
3  in-stall  at  7  degrees  more  open  vane  setting  angles 
(indicated  by  the  higher  flow  coefficient  levels  in  Figures 
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7.32,  7.33,  and  7.34)  resulted  in  higher  losses  in  the 
tenth  stage.  These  higher  losses  in  the  tenth  stage  are 
the  reason  for  the  slightly  lower  overall  compressor 
pressure  coefficients  for  the  vanes  opened  by  7  degrees 
even  though  the  first  three  stages  created  higher  pressure 
coefficients.  The  increase  in  pressure  losses  (lowering  of 
the  pressure  coefficient  characteristic)  in  the  tenth  stage 
are  due  to  increases  in  the  velocity  of  the  fluid  flowing 
in  the  portion  of  the  annulus  not  blocked  by  the  stall 
cell.  The  effect  of  increased  velocity  and  therefore 
pressure  loss  on  overall  compressor  hysteresis  is  discussed 
further  with  the  time-resolved  in-stall  data  analysis. 


C.  Time-resolved  Compressor  Stall  and  In-stall  Performance 

The  close-coupled  and  high-response  data  described  in 
Section  V  provide  insight  into  the  dynamic  performance  of 
the  CRF  10-stage  test  compressor.  Information  about  the 
details  of  the  rotating  stall  cell  within  the  CRF  test 
compressor  is  analyzed  to  investigate  hysteresis  extent . 

In  addition,  close-coupled  data  obtained  during  the 
transition  of  the  CRF  compressor  into  rotating  stall  are 
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compared  with  predictions  by  the  dynamic  compressor  model 
developed  by  Davis  [44] . 

Comparison  of  data  obtained  from  the  CRF  test 
compressor  with  Davis  model  results  provide  insight  for 
model  improvements. 

The  CRF  test  compressor  time-resolved  performance  will 
be  described  in  two  subsections .  In  the  first  section,  the 
details  of  the  rotating  stall  cell  at  78.5%  and  59.7%  of 
design  corrected  speed  are  discussed.  In  the  second 
section,  comparisons  between  the  10-stage  compressor  model 
results  and  CRF  test  compressor  close-coupled  data  are 
presented. 

1 .  Compressor  stall  cell  details 

Close-coupled  and  high-response  data  were  obtained  as 
described  in  Section  VI  while  the  test  compressor  was 
operating  at  quasi-steady  in-stall  conditions.  When 
investigating  details  of  in-stall  operation  and  stall  cell 
blockage,  the  frequency  response  of  the  data  is  important. 
In  Section  V  the  limitations  of  the  CRF  test  compressor 
close-coupled  data  were  discussed.  It  was  necessary  to 
make  comparisons  between  close-coupled  data  and 


209 


high-response  data  to  determine  how  accurately  the 
close-coupled  information  described  the  details  of  the 
rotating  stall  cell.  A  comparison  between  data  obtained 
using  both  acquisition  methods  from  two  different  exit 
total  pressure  probes,  located  near  to  each  other,  is 
provided  in  Figure  7.42.  The  data  were  obtained  at  the 
exit  of  the  CRF  test  compressor  during  its  transition  into 
rotating  stall  at  78.5%  of  design  corrected  speed.  This 
comparison  suggests  that  the  fundamental  characteristic  of 
the  rotating  stall  is  included  in  the  close-coupled  data. 
Also,  the  close-coupled  data  capture  the  compressor 
dynamics  during  transition  into  rotating  stall,  and 
therefore  can  be  used  for  comparison  with  analytical 
models .  The  details  of  the  sharp  rise  and  drop  in  local 
pressure  caused  by  the  rotating  stall  cell  are  lost  because 
of  the  limited  frequency  response  of  the  close-coupled 
method.  For  this  reason,  the  close-coupled  data  were  used 
to  describe  the  basic  details  of  the  rotating  stall  from  a 
global  perspective  only.  They  were  also  used  to  detail  the 
transition  from  unstalled  operation  to  rotating  stall. 
Details  of  stall  cell  blockage  levels  were  determined  from 
high-response  data. 


78.5%  SPEED  STALL  INCEPTION 

ACQUISITION  SYSTEM  COMPARISON 
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Data  obtained  at  78.5%  and  59.7%  of  design  corrected 

speed  were  used  in  the  analysis  of  the  rotating  stall  cell 

extent,  speed  and  blockage  levels.  The  data  in  Figure  7.43 

show  compressor  total  pressure  levels  during  rotating  stall 

at  six  different  axial  locations  within  the  compressor. 

These  data  were  obtained  at  78.5%  speed  with  the  overall 

compressor  in  stall  at  a  compressor  exit  throttle  opening 
2  2 

of  10.0  in  (64.5  cm  ),  on  operating  point  shown  on  Figure 
7.44. 

The  data  in  Figure  7.43  detail  the  measured  pressure 
fluctuations  from  the  vane  mounted  probes  at  the  compressor 
inlet,  third  stage  inlet,  fifth  stage  inlet,  seventh  stage 
inlet,  ninth  stage  inlet  and  the  compressor  exit  at  the 
near  hub  location.  The  axial  locations  of  each  measurement 
are  indicated  with  arrows  for  reference  in  Figure  7.43. 

For  all  axial  locations,  except  at  the  compressor  inlet, 
the  measurements  were  made  at  the  same  circumferential 
location.  The  physical  location  of  the  inlet  measurement 
was  approximately  130  degrees  out  of  phase  from 
measurements  at  other  axial  locations.  The  data  were  time 
shifted  to  account  for  this  location  variation.  The  data 
in  Figure  7.43,  although  somewhat  qualitative,  do  indicate 
that  the  pressure  fluctuations  are  largest  in  magnitude  at 
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TEST  COMPRESSOR  IN-STALL 

TIME-RESOLVED  TOTAL  PRESSURE  RISE 


Figure  7.43  Test  compressor  time-resolved  near  annulus 
hub  total  pressure  at  78.5%  speed  in-stall, 
exit  throttle  area  10.0  sq.  in.  (64.5  sq.  cm) 
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the  ninth  stage  inlet,  and  that  the  pressure  variations  at 

the  third  stage  inlet  are  much  smaller  than  for  the  ninth 

2  2 

stage  inlet.  At  this  low  throttle  area  (10  in  (64.5  cm  )) 
the  data  in  Figure  7.43  suggests  that  the  first  stage  is 
operating  in  rotating  stall  because  the  pressure 
fluctuations  are  higher  at  the  compressor  inlet  than  at  the 
stage  3  inlet.  The  low  level  of  total  pressure 
fluctuations  at  the  third  stage  inlet  may  be  due  to  the 
rotating  blockage  behind  the  first  three  stages.  As 
mentioned  earlier  this  blockage  acts  as  a  throttle  to  the 
flow  through  the  stage  and  results  in  a  net  pressure  rise 
higher  than  unstalled  levels  in  the  first  three  stages 
after  the  compressor  stalls.  This  trend  supports  the 
notion  presented  earlier  that  the  rotating-stall  in  the  CRF 
test  compressor  was  located  within  the  rear  stages  of  the 
compressor,  and  that  stages  2  and  3  were  not  in  full  span 
rotating  stall  as  many  theories  [29]  would  suggest. 

Time-resolved  pressures  at  the  entrance  to  the  fifth 
stage  also  shown  in  Figure  7.43,  indicate  that  the  stall 
cell  has  some  influence  on  the  fourth  and  fifth  stages. 
However,  the  magnitude  of  the  fluctuations  at  the  entrance 
to  the  fifth  stage  in  the  hub  region  are  still  much  below 
the  fluctuation  levels  at  the  ninth  stage  entrance.  This 
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trend  supports  the  previously  described  proposal  that  large 
amounts  of  reverse  flow  are  present  in  stages  six  through 
nine,  as  the  magnitude  of  the  fluctuations  attributable  to 
the  rotating-stall  cell  are  the  greatest  within  these 
stages . 

The  data  in  Figure  7.45  detail  the  static  pressure 
measured  on  the  outside  diameter  of  the  test  compressor 
annulus.  Static  pressure  measurements  for  the  inlet  to 
stages  3,  5,  7  and  9  are  shown.  The  entrance  to  the  stages 
are  represented  with  arrows  for  reference  on  Figure  7.45. 
These  data  qualitatively  show  a  phase  shift  of 
approximately  180  degrees  between  the  static  pressure 
fluctuations  at  the  inlet  to  the  fifth  stage  and  the  inlet 
to  the  seventh  stage. 

A  more  quantitative  representation  of  the  total  and 
static  pressure  variations  between  the  inlet  to  the  third 
stage  and  inlet  to  the  ninth  stage  is  detailed  in  Figure 
7.46.  The  data  in  this  figure  suggest  that  there  is  a 
phase  shift  in  static  pressure  fluctuations  between  the 
front  and  rear  stages  of  the  compressor.  It  also  shows 
that  at  the  entrance  to  the  ninth  stage  the  total  and 
static  pressure  fluctuations  caused  by  rotating  stall  are 
of  the  same  magnitude,  while  at  the  inlet  to  the  third 
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Figure  7.44  Test  compressor  time-resloved  outside  annulus 
static  pressure  at  78.5%  speed  in-stall,  exit 
throttle  area  10  sq.in.  (64.5  sq.  cm) 
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stage  the  static  pressure  fluctuations  are  greater  than  the 

total.  This  trend  is  demonstrated  even  more  clearly  in 

Figure  7.47  where  the  same  information  is  presented  for  a 

2  2 

more  open  throttle  area  of  20  in  (129.0  cm  ) .  The  data 
presented  in  Figures  7.46  and  7.47  suggest  that  the  third 
stage  is  being  loaded  by  the  passage  of  the  rotating  stall 
cell  in  the  rear  stages  of  the  compressor  as  indicated  by 
the  rise  in  static  pressure  (drop  in  velocity)  when  the 
stall  cell  downstream  passes.  The  rotating  stall  cell  in 
the  rear  of  the  compressor  is  detailed  by  the  drop  in  both 
total  and  static  pressure.  The  data  presented  in  Figures 
7.46  and  7.47  represent  the  conditions  that  exist  at  the 
tip  region  of  the  rotor.  Review  of  further  data  not 
presented  here  indicated  that  the  trends  presented  in  these 
figures  were  generally  true  for  the  complete  span  of  the 
compressor  annulus.  Comparison  of  the  measured  outer 
annulus  static  pressures  by  themselves  might  suggest  that 
the  stall  cell  spirals  very  sharply  around  the  annulus 
between  stages  5  and  7,  but  if  the  total  pressures  are 
considered  this  becomes  highly  unlikely. 

The  rise  in  static  pressure  with  accompanying  near 
steady  total  pressure  at  the  entrance  to  third  stage 


jr;  00  oj  <35 

M  ^  ^ 

c_  tr*  p_  e-* 
.  i  ►— 3 

z£z§ 

a  ww  u 

r)  P  3  3 

(V  K  Qj  05 

r£  P_  ££  Pl, 
jOjU 
«*:£<*:£=: 

O.-OH 
r-  WE-^  CO 

:i  i!  ii  ii 
a  o  <  + 


□  a 

-  ° 

-  CJ 

0 

0  j* 

H  *} 

►  o  W 
-  2^ 
♦—  ^ 

a 

V0 

-  d  W 

a 

a 

*«5 

w  ►— » 

a 

6 

i.  o  H 

A 

a 

i—  ^ 

A 

A 

| 

i 

a 

r  io 

a 

0 

r  O 

0 

0 

r  ® 

a  0 

3© 

o 
r  o 

a© 

U  «-* 

a  '© 

u 

a 

a 

u 

to 

a 

a 

-  0# 
a  o 

A 

0 

r  d 

A 

a 

L  o 

I-  ® 

a 

0 

i-  <=> 

o 

o 

o 

o 

o 

O 

o 

d 

o’ 

d 

d 

d 

o 

n 

CO 

N 

CM 

(VISd)  3HQSS3Hd 


220 


supports  the  notion  that  this  stage  is  not  in  a  stalled 
condition,  but  instead  is  driven  higher  up  on  its 
characteristic  by  the  rotating  stall  cell  in  the  rear  of 
the  compressor. 

It  was  stated  earlier  that  high  velocities  probably 

existed  in  the  unstalled  portion  of  the  tenth  stage 

annulus.  High-response  data  obtained  at  59.7%  and  78.5% 

design  speed  were  used  to  estimate  the  velocity  levels  that 

were  present  in  the  unstalled  portion  of  the  tenth  stage 

annulus.  The  magnitude  of  the  blockage  of  the  annulus  by 

the  rotating-stall  cell  was  determined  from  high-response 

data  for  the  exit  throttle  areas  called  out  previously  in 

Figures  7.44  for  78.5%  design  speed  and  in  figure  7.48  for 

59.7%  design  speed.  The  high-response  pressure  levels 

obtained  from  the  forward  facing  and  aft  facing  impact 

probes  (see  Figure  4.7  for  probe  details)  at  the  exit  of 

2  2 

the  compressor  for  the  15.2  in  (98  cm  )  throttle  setting 
at  59.7%  design  speed  is  shown  in  Figure  7.49.  These  data 
show  that  the  portion  of  the  annulus  blocked  to  through 
flow  by  the  rotating-stall  cell  is  42  percent  of  the 
annulus  (150  degrees) .  The  rotating  blockage  leading  edge 
was  identified  by  a  sharp  and  continual  drop  in  pressure 
measured  by  the  forward  probe.  The  trailing  edge  of  the 
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Figure  7.49  Test  compressor  high-response  exit  pressures  59.7%  speed, 
exit  throttle  area  15.2  sq.  in.  (98.0  sq.  cm) 
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rotating  blockage  was  identified  by  the  peak  point  after  a 
continual  rise  in  forward  probe  pressure.  At  the  peak 
point  the  aft  probe  signal  drops  representing  a  drop  in 
static  pressure  and  re-establishment  of  through  flow.  The 
aft  probe  signal  can  be  used  to  represent  static  pressure 
with  proper  calibrations.  The  signal  represented  in  the 
figure  has  not  been  compensated  by  a  calibration  and 
therefore  does  not  represent  true  static  pressure.  In  its 
uncalibrated  form  it  can  still  be  used  to  determine  stall 
cell  blockage  extent  because  absolute  values  are  not 
required. 

This  procedure  for  identifying  blockage  extent  is  not 
the  most  accurate  method  available  since  flow  angle  changes 
are  not  determined.  High-response  instrumentation 
available  on  the  CRF  test  compressor  could  not  be  used  to 
sense  flow  angle.  Thus,  small  errors  in  defining  the 
absolute  blockage  level  are  possible.  Errors  in  the 
blockage  level  approximation  will  result  in  errors  in 
relative  Mach  number  calculations  very  nearly  one  for  one 
(see  Figure  7.50) .  This  procedure  was  followed 
consistently  for  both  speeds  investigated  and  therefore 
comparison  of  relative  blockage  levels  at  the  different 
speeds  are  valid. 
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High-response  pressure  signals  from  the  same  exit 

probes  (forward  facing  and  aft  facing)  and  exit  throttle 
2  2 

area  15.2  in  (98  cm  )  described  above  but  for  78.5%  design 
speed  are  presented  in  Figure  7.51.  These  data  indicate 
that  180  degrees  or  50  percent  of  the  annulus  is  blocked  by 
the  rotating-stall  cell.  This  blockage  does  differ 
slightly  from  the  59.7%  design  corrected  speed  blockage 
extent  for  the  same  exit  throttle  area,  but  not 
significantly . 

The  high-response  exit  forward  and  aft  facing  pressure 
probe  data  for  five  other  in-stall  operating  points  called 
out  in  Figures  7.44  and  7.48  for  both  speeds  are  provided 
in  Appendix  H,  Figures  19.1  through  19.10.  The  rotating 
stall  cell  blockage  levels  in  the  tenth  stage  for  all 
operating  points  called  out  in  Figures  7.44  and  7.48  are 
displayed  in  Figure  7.52.  These  data  indicate  that 
blockage  level  does  not  vary  significantly  with  speed  at 
any  given  throttle  setting.  The  data  also  show  that 
blockage  extent  may  be  slightly  higher  at  78.5%  speed  than 
59.7%  speed  and  that  the  blockage  extent  decreases  as  exit 
throttle  area  is  increased.  For  59.7%  design  corrected 
speed  the  compressor  recovers  from  rotating  stall  at  a 
blockage  level  of  approximately  35  percent  of  the  annulus 


/8  5%  SPEED 
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Figure  7.51  Test  compressor  high-response  exit  pressures  78.5%  speed, 
exit  throttle  area  15.0  sq.  in.  (98.0  sq.  cm) 
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Figure  7.52  Test  compressor  exit  throttle  effects  on  rotating  stall 
cell  blockage  level 
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area.  This  value  is  almost  equal  to  levels  reported  by 
Small  and  Lewis  [12],  and  Hosny  and  Steenken  [17].  For 
78.5%  design  corrected  speed  the  compressor  does  not 
recover  from  rotating  stall  until  the  blockage  extent  is 
approximately  17  percent  of  the  annulus  area.  Blockage 
extents  this  small  have  not  been  previously  reported  in  the 
open  literature.  This  difference  in  recovery  blockage 
extent  is  discussed  further  when  velocities  in  the 
unstalled  portion  of  the  annulus  are  described. 

The  speed  of  the  rotating  stall  cell  as  it  travels 
around  the  annulus  of  the  stage  can  also  be  determined  from 
the  high-response  pressure  levels  presented  in  Figures  7.49 
and  7.51,  and  Appendix  H.  From  the  period  of  the  pressure 
fluctuations  the  speed  of  the  rotating  stall  cell  can  be 
determined.  The  speed  of  the  rotating  stall  cell,  defined 
as  percentage  of  the  rotor  speed,  for  59.7%  and  78.5% 
design  corrected  speed,  are  presented  in  Figure  7.53. 

These  data  suggest  that  the  speed  of  the  rotating  stall 
cell  is  a  constant  percentage  of  the  rotor  speed  for  a 
given  blockage  level.  It  also  indicates  that  the  speed  of 
the  rotating-stall  cell  increases  with  lower  blockage 
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levels.  For  78.5%  design  corrected  speed  at  17  percent 
blockage  the  speed  of  the  rotating  stall  cell  is  much 
higher  than  for  all  other  blockage  levels . 

To  determine  the  flow  velocity  in  the  unblocked  region 
of  the  annulus  it  was  assumed  that  little  through  flow 
exists  within  the  region  blocked  by  the  rotating  stall 
cell.  This  assumption  was  based  on  the  observation  that 
the  high-response  pressure  levels  of  the  forward  and  aft 
facing  probes  are  nearly  equal  within  the  region  blocked  by 
the  rotating  stall  cell  (see  Figure  7.51)  thereby 
indicating  zero  flow  in  the  axial  direction.  Therefore  the 
mass  flow  from  the  compressor  exit  measured  at  the  facility 
venturi  station  (see  Section  III  for  details)  must  pass 
through  the  unblocked  portion  of  the  annulus.  The  axial 
velocity  (C  )  within  the  unblocked  portion  of  the  annulus 
can  be  estimated  with  the  following  equations  involving 
one-dimensional  compressible  flow  of  an  ideal  gas, 


W  =  I  (  1  -  B  ) 


y  0  e  f  ■!  , ,  ,  y  I  l/2 


M. 


\  r  ,t r  \ 


M 


cv  =  .w 
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where  W  is  the  sum  of  the  mass  flow  as  measured  at  the  exit 
venturi  station,  described  in  section  III,  and  the  losses 
from  the  balance  piston  (See  Figure  4.3  for  details) .  B  is 
the  blockage  percentage  due  to  the  rotating  stall  cell,  A 
is  the  entrance  area  to  the  tenth  stage,  and  P  and  T  are 
the  static  pressure  and  total  temperature  from  the 
time-averaged  measurements  at  the  entrance  to  the  tenth 
stage . 

By  using  the  time-averaged  properties  for  properties 
within  the  unblocked  portion  of  the  flow  some  errors  are 
introduced.  The  static  pressure  at  the  outside  diameter  of 
the  entrance  to  the  tenth  stage  was  measured  with  the 
high-response  data  acquisition  system.  After  comparing  the 
results  of  the  high-response  static  pressure  measurement 
with  the  time-averaged  measurement  it  was  determined  that 
the  time-averaged  measurement  of  static  pressure  accurately 
represented  the  static  pressure  within  the  unblocked  region 
of  the  annulus.  Therefore  negligible  error  was  introduced 
by  using  the  time-averaged  value  of  static  pressure  at  the 
entrance  to  the  tenth  stage.  A  high-response  total 
temperature  measurement  was  not  available  at  the  entrance 
to  the  tenth  stage.  A  review  of  the  literature  on 
time-resolved  temperature  measurements  obtained  from  a 
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compressor  stage  while  operating  in  rotating  stall 
indicated  that  little  information  exists  on  this  subject. 
Na' covska'  [32]  reported  temperature  fluctuations  on  a 
multistage  axial  flow  compressor  during  rotating  stall  to 
be  +  i  percent  of  the  mean.  She  conceded,  however,  that 
because  of  frequency  response  limitations  of  her 
measurement  instrumentation,  the  fluctuations  could  be 
larger.  Therefore  using  time-averaged  total  temperature 
lata  does  introduce  some  error,  but  without  details  of  the 
time-resolved  temperature,  the  time-averaged  temperature 
can  be  assumed  to  be  adequate  based  on  a  sensitivity 
analysis  wnich  is  presented  in  Figure  7.50.  The  errors  in 
total  temperature  will  result  in  negligible  error  in 
relative  Mach  number  of  the  tenth  stage  rotor  flow. 

The  relative  velocity  at  the  inlet  of  rotor  ten  was 
determined  from  the  axial  velocity,  blade  geometry  and 
rotor  speed  as  follows, 
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Figure  7.54  represents  the  geometry  of  the  blading  of 
the  tenth  stage.  The  exit  angle  of  the  ninth  stator  is 
near  axial,  therefore  the  flow  entering  the  tenth  rotor  is 
assumed  to  be  axial.  Using  midspan  rotor  speed,  the 
relative  velocity  in  the  rotor  row  was  determined  from  the 
velocity  triangle  shown  in  Figure  7.54.  The  Mach  number  of 
the  fluid  entering  the  rotor  (M^  was  determined  from  the 
relative  velocity  and  the  total  temperature  of  the  air,  as 
defined  by  the  equation  below. 


V 


=  W 


y<7  tRTT 


The  results  of  this  estimation  procedure  are  presented 
in  Table  7.1.  Information  using  this  estimation  technique 
was  also  included  in  the  table  for  unstalled  compressor 
conditions.  The  variation  of  relative  Mach  number  of  the 
flow  entering  the  tenth  rotor  with  speed  and  exit  throttle 
area  is  provided  in  Figure  7.55.  The  exit  throttle  areas 
correspond  to  the  operating  points  called  out  for  the 
pressure  characteristics  in  Figures  7.44  and  7.48. 
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Figure  7.54  Tenth  stage  blade  geometry 
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The  data  in  Figure  7.55  indicate  that  the  highest  relative 
Mach  numbers  occur  for  78.5%  design  speed  in-stall 
conditions . 

Rotor  ten  choking  from  the  unstalled  flow  depends  on 
the  entrance  relative  Mach  number  and  the  area  reduction 
due  to  blade  thickness.  Based  on  the  number  of  blades, 
their  height  and  maximum  thickness,  the  maximum  thickness 
area  to  inlet  area  ratio  is  1.145.  With  an  area  reduction 
of  1.145,  relative  Mach  numbers  of  0.64  and  greater  at  the 
inlet  to  the  tenth  stage  rotor  will  cause  a  sonic  condition 
to  exist  somewhere  within  the  tenth  rotor.  No 
consideration  was  made  for  the  boundary  layer  thickness 
within  the  tenth  stage  rotor.  A  boundary  layer  would 
result  in  a  smaller  area  ratio  than  1.145  and  therefore  a 
lower  Mach  number  than  0.64  at  the  inlet  to  cause  choking 
at  the  minimum  area.  The  data  in  Figure  7.55  suggest  based 
on  estimated  relative  Mach  numbers  values,  that  choking  is 
present  in  the  unstalled  portion  of  the  tenth  stage  rotor 
while  the  compressor  is  operating  in  rotating  stall.  These 
data  also  suggest  that  at  78.5%  speed  for  unstalled 

.  2 

conditions  with  the  exit  throttle  area  less  than  37.6  in 
2 

(242.6  cm  )  that  the  relative  Mach  numbers  at  the  entrance 
to  rotor  10  are  below  0.64  and  choking  does  not  occur.  For 
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2  2 

a  exit  throttle  area  of  37.6  in  (242.6  cm  )  or  greater, 

while  operating  unstalled,  choking  may  occur  in  the  rotor. 

The  tenth  stage  characteristic  shown  in  Figure  7.56 

indicates  for  the  unstalled  condition  at  an  exit  throttle 

2  2 

area  of  37.6  m  (242.6  cm  )  that  a  pressure  drop  does 

exist  in  the  tenth  stage,  while  for  smaller  exit  throttle 

areas  a  pressure  rise  exists.  It  is  believed  that  the  drop 

2  2 

m  pressure  across  the  stage,  at  37.6  in  (242.6  cm  )  exit 
throttle  area  during  unstalled  operation  is  due  to  the 
extremely  high  velocities  and  therefore  high  losses  in  the 
rotor.  This  behavior  during  unstalled  operation  supports 
the  determination  that  at  0.64  relative  Mach  number  stage 
chocking  occurs . 

The  data  in  Figure  7.55  also  show  that  with  the  exit 

2  2 

throttle  closed  to  a  level  of  10  in  (64.5  cm  ),  while  the 
CRF  test  compressor  was  operating  in  rotating  stall,  the 
rotor  inlet  relative  Mach  number  was  0.63.  This  Mach 
number  is  below  the  threshold  value  for  chocking  and 
indicates  that  the  stage  may  not  be  choked  for  this 
throttle  setting.  Some  additional  error  may  exist  for  this 
throttle  setting  because  the  blockage  was  difficult  to 


10TII  STAGE  PRESSURE  CHARACTERISTIC 
78.5%  DESIGN  CORRECTED  SPEED 
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determine  as  the  boundaries  between  the  stalled  flow  and 
unstalled  flow  were  not  well  defined  by  pressure  probe 
measurements  (see  Appendix  H,  Figure  19.6). 

The  same  approximations  of  tenth  stage  rotor  inlet 
relative  mach  numbers  for  59.7%  speed  are  also  presented  in 
Figure  7.55.  These  data  show  that  at  this  speed,  all 
relative  Mach  numbers  are  below  0 . 64  and  therefore  choking 
does  not  occur. 

These  results  suggest  that  the  CRF  test  compressor 
in-stall  hysteresis  extent  is  prolonged  by  partial  choking 
of  the  rear  stage  after  overall  compressor  stall  has  been 
initiated.  The  reason  that  operating  conditions  in  the 
compressor  could  still  be  altered  with  the  discharge  valve, 
after  choking  occurs,  is  by  communication  to  the  front 
stages  through  the  stalled  portion  of  the  flow.  The 
rotating  stall  did  not  clear  until  the  pressure  generated 
by  the  front  stages  increased  and  the  temperatures 
decreased  thereby  increasing  downstream  density  and 
reducing  relative  Mach  number  levels  in  the  tenth  stage. 
Both  factors  (larger  pressure  rise  and  smaller  or  negative 
temperature  change  in  upstream  stages)  increase  the  density 
of  the  fluid  entering  the  tenth  rotor,  thereby  making 
choking  less  likely. 
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At  78.5%  speed,  once  the  overall  compressor  has 
stalled,  the  front  three  stages  produce  high  temperatures 
and  allow  high  mass  flows  (operate  at  high  flow  coefficient 
levels)  through  the  compressor.  The  high  mass  flows  and 
temperatures  result  in  high  velocities  which  cause  choking 
in  tenth  stage  of  the  compressor  based  on  the  estimation 
procedures  defined  above.  This  condition  is  similar  to  the 
conditions  that  exists  when  starting  a  high  design  pressure 
ratio  multistage  compressor.  In  starting  a  high  design 
pressure  ratio  multistage  compressor  from  zero  speed  to 
design  speed,  the  front  stages  and  middle  stages  do  not 
create  enough  pressure  rise  to  reduce  the  density  of  the 
air  to  levels  that  the  rear  stages  are  designed  for.  This 
results  in  extremely  high  flows  in  the  rear  stages  and  thus 
choking  there.  This  choking  of  the  rear  stages  loads  up 
the  front  stages  and  the  compressor  stalls  during  startup 
(see  Ref.  [49]).  To  eliminate  this  problem,  multistage 
compressors  are  usually  designed  with  variable  geometry  and 
bleeds  in  the  front  stages .  The  geometry  of  the  front 
stages  can  be  changed  to  increase  their  stall  margin, 
making  the  front  stages  less  likely  to  stall  during 
startup.  The  bleeds  can  be  used  to  remove  mass  flow  from 
the  compressor  prior  to  the  aft  stages.  This  air  flow 
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bleeding  reduces  velocity  in  those  aft  stages  and  avoid 
choking . 

In  the  CRF  test  compressor,  at  78.5%  speed  after 
overall  compressor  stalling  had  occurred  (initiated  by  the 
seventh  stage) ,  the  front  stages  were  loaded  to  high 
pressure  coefficient  levels  but  did  not  stall.  Velocities 
in  the  tenth  stage  were  elevated  to  very  high  levels  due  to 
the  blockage  by  the  rotating  stall  coll.  For  the 
compressor  to  recover  from  stall  the  velocity  levels  in  the 
tenth  stage  had  to  be  reduced.  To  recover  from  stall  at 
78.5%  speed,  conditions  had  to  be  altered  in  a  similar 
fashion  to  what  is  required  for  starting  a  high 
design-pressure-ratio  multistage  compressor.  The  density 
of  the  air  entering  the  tenth  stage  had  to  be  increased  and 
the  mass  flow  reduced  to  reduce  relative  flow  velocities. 
When  levels  drop  below  choking  levels  and  conditions 
unstalled  the  stage  that  initiated  the  rotating  stall  (for 
the  CRF  test  compressor  at  78.5%  design  speed  it  was  the 
seventh  stage)  the  compressor  recovered.  Without  choking 
in  the  tenth  stage,  the  compressor  would  recover,  as 
in-stall  hysteresis  levels  would  be  reduced.  The  presence 
of  choked  conditions  in  the  tenth-stage,  as  is  the  case  at 
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78.5%  speed,  impedes  the  recovery  of  the  stall  initiating 
stage  and  as  a  result  stages  involved  in  the  overall 
compressor  stall  have  lenghtened  double  valued  pressure 
coefficient  characteristics  as  shown  in  Figure  7.57.  It  is 
proposed  that  when  operating  at  the  lower  of  the  two 
pressure  coefficient  values  shown  in  Figure  7.57,  if 
choking  of  the  rear  stage  were  removed,  the  stages  involved 
in  the  stall  would  move  to  operate  on  the  higher  pressure 
level  and  compressor  recovery  would  result .  Because 
choking  in  the  tenth  stage  rotor  is  not  present  at  59.7% 
speed  as  was  shown  in  Figure  7.55,  no  double  valued 
characteristics  exists  for  any  stage  (see  Appendix  C, 
Figures  15.2  through  15.11). 

In  summary,  based  on  the  analysis  presented  above,  it 
is  proposed  the  in-stall  hysteresis  of  the  CRF  10-stage 
test  compressor  increase  with  increasing  speed  because  of 
choking  in  the  unblocked  portion  of  the  tenth  stage.  The 
hysteresis  could  be  reduced  at  78.5%  speed  if  the  density 
of  the  air  entering  the  tenth  stage  rotor  could  be 
increased  or  if  the  flow  rate  through  the  tenth  stage  could 
be  reduced  by  bleeding  air  in  front  of  the  tenth  stage. 
Another  possibility  for  reducing  hysteresis  would  be  to 


7  TII  STAGE  PRESSURE  CHARACTERISTIC 

78.5%  DESIGN  CORRECTED  SPEED 
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schedule  the  three  vanes  in  the  first  three  stages  to  a 
more  closed  position  with  resulting  reduced  flow  through 
the  compressor.  It  is  also  possible  that  if  the  first 
three  stages  were  scheduled  to  be  closer  to  stall  when  the 
overall  compressor  stalled,  the  first  three  stages  would 
stall  and  the  resulting  blockage  would  reduce  the  flow 
levels  and  therefore  velocities  going  to  the  rear  stages. 
Velocity  levels  could  also  be  reduced  at  the  entrance  to 
the  tenth  stage  by  increasing  flow  area  in  the  rear  of  the 
compressor.  From  analysis  of  the  results  obtained  from  the 
time-resolved  data  it  is  clear  that  stage  matching  has  a 
considerable  effect  on  compressor  in-stall  performance  and 
recoverability . 

2 .  Dynamic  stalling  comparisons 

Multistage  compressor  dynamic  in-stall  analytical 
models  such  as  the  one  developed  by  Davis  [44],  are 
essential  for  exploration  of  the  effects  of  stage  matching 
on  compressor  in-stall  performance.  Therefore  some 
consideration  is  given  to  the  validation  of  the  multistage 
model  developed  by  Davis . 
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The  control  volumes  for  the  analytical  model  were 
fixed  to  match,  as  near  as  possible,  the  flow  volumes  in 
the  CRF  test  compressor.  Matching  of  inlet  and  discharge 
volumes  required  a  larger  overall  length  for  the  modeled 
test  compressor.  This  increase  in  length  was  needed  to 
avoid  numerical  instabilities  in  the  solution  algorithm. 

The  algorithm  did  not  allow  large  changes  in  control  volume 
areas  from  entrance  to  exit.  The  physical  length  of  the 
compression  section  was  maintained  in  the  model  and  is 
identified  between  the  two  arrows  on  the  analytical  control 
volume  configuration  provided  in  Figure  7.58. 

The  experimental  pressure  and  temperature 
characteristics  obtained  from  the  test  compressor  at  78.5% 
design  corrected  speed  were  input  to  the  model  for  each 
stage.  These  characteristics  were  used  to  determine  the 
shaft  work  input  and  pressure  forces  supplied  to  each 
control  volume  by  the  compressor  rotor. 

The  transition  into  rotating  stall  at  78.5%  design 
corrected  speed  was  simulated  by  the  model.  The  exit  flow 
in  the  model  was  reduced  until  a  dynamic  instability 
resulted.  Comparison  of  the  Davis  model  exit  total 
pressure  and  test  compressor  exit  total  pressure  during 
transition  into  rotating  stall  is  provided  in  Figure  7.59. 
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Figure  7.59  Exit  total  pressure  during  compressor  stalling  comparison 
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The  results  obtained  with  the  close-coupled  data 
acquisition  system  were  numerically  averaged  over  the  exit 
measurement  locations  (defined  in  Appendix  A,  Figure  12.14) 
to  determine  a  representative  time-resolved  exit  pressure. 
This  was  necessary  to  allow  for  comparison  with  the  results 
generated  by  the  one-dimensional  analytical  model. 

Averaging  of  the  test  compressor  pressure  signals  does  not 
totally  eliminate  the  circumferential  effect  caused  by  the 
rotating  stall  cell  and  therefore  higher  frequency  pressure 
fluctuations  are  inherent  in  the  experimental  data.  The 
analytical  model  does  not  simulate  two-dimensional  effects 
at  all  and  does  not  therefore  include  these  in  the 
analytical  time-resolved  pressure  values. 

From  Figure  7.59  it  can  be  seen  that  the  model 
accurately  predicts  the  exit  pressure  level  just  before  the 
dynamic  stalling  event.  The  comparison  of  the  test  and 
model  results  also  show  that  after  steady  rotating  stall 
has  been  established,  0.26  seconds  from  stall  inception, 
the  model  predicts  the  exit  pressure  in-stall  within  10 
percent  of  the  measured  value.  This  may  not  appear  to  be 
very  accurate  considering  the  current  status  of 
steady-state  unstalled  compressor  prediction  capabilities. 
But  for  prediction  of  the  performance  of  a  multistage 
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compressor  while  in  rotating  stall,  10  percent  accuracy  is 
encouraging . 

From  the  comparison  of  model  and  experimental  data 
during  transition  into  rotating  stall  shown  in  Figure  7.59 
it  is  apparent  that  the  model  captures  the  overall  trend  of 
the  dynamic  transition.  The  model  does  not  simulate  the 
correct  time  lag  of  the  event.  The  CRF  10-stage  compressor 
test  data  indicate  a  sharper  drop  and  then  rise  in  pressure 
when  the  compressor  stalls  than  the  model  predicts.  The 
model  results  are  greatly  affected  by  the  lagging  of  the 
stage  pressure  forces  through  first  order  lag  functions 
(see  Section  VII. A)  that  are  input.  The  model  seems  to 
require  less  lagging  of  forces  to  better  simulate  the 
event . 

Interstage  results  from  the  model  are  also  affected  by 
the  level  of  the  lagging  time  constant.  The  data  in  Figure 
7.60  show  the  total  pressure  at  the  entrance  to  the  ninth 
stage  during  the  transition  into  rotating  stall  at  78.5% 
design  corrected  speed.  The  comparison  of  model  and  test 
data  suggests  good  agreement  of  the  initial  unstalled  and 
in-stall  operating  pressures.  The  model  also  predicted  the 
correct  trend  of  the  event  with  an  initial  rise  in  pressure 
and  then  a  drop  to  the  final  in-stall  level .  This  is  the 
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Figure  7.60  Entrance  to  ninth  stage  total  pressure  during 
compressor  stalling  comparison 
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first  comparison  of  model  and  test  compressor  interstage 
pressures  for  a  high-speed,  multistage  compressor  in  the 
open  literature.  The  comparison  shows  that  the  model  has 
potential  as  a  tool  for  further  analyticar  research. 

Comparisons  between  model  and  test  compressor  results 
shown  in  Figures  7 . 61  and  7 . 62  for  the  seventh  and  fifth 
stages  respectively,  confirm  the  conclusions  drawn  for  the 
ninth  stage.  The  data  in  Figure  7.63  show  that  the  model 
predicts  the  dynamic  event  for  the  third  stage  even  more 
accurately  than  it  did  for  stages  five,  seven  and  nine. 

The  time  lag  discrepancies  associated  with  modeling  stages 
five,  seven  and  nine  did  not  occur  for  the  third  stage. 

This  observation  suggests  that  the  input  time  constant  used 
to  lag  the  pressure  forces,  which  was  constant  for  all 
stages,  more  accurately  represented  the  dynamics  at  the 
third  stage.  It  is  possible  that  smaller  time  lags  are 
appropriate  for  the  stage  or  stages  that  initiate  the 
overall  compressor  stall,  in  this  case  at  78.5%  design 
corrected  speed,  the  seventh  stage.  The  comparisons  of 
model  and  test  results  suggest  that  the  forces  for  each 
stage  have  different  dynamic  characteristics  and  therefore 
require  individual  consideration  with  a  multistage  model; 
the  time  constant  for  each  stage  is  different. 
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.61  Entrance  to  seventh  stage  total  during  compressor 
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Figure  7.63  Entrance  to  third  stage  total  pressure  during  compressor 
stalling  comparison 
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The  results  presented  here  indicate  that  the  Davis 
model  can  be  used  as  an  analysis  tool  for  multistage 
compressor  stalling  and  recoverability.  The  multistage 
model  predicts  in-stall  compressor  performance  correctly. 
This  was  expected  since  the  compressor  in-stall 
characteristics  were  input  into  the  model .  It  is  of  course 
desirable  to  predict  in-stall  performance  prior  to  building 
and  testing  a  compressor.  Further  improvements  are 
recommended  for  the  Davis  multistage  model  to  eliminate  the 
need  for  stage  characteristics  by  replacing  this  need  with 
blade  geometry  inputs.  The  model  is  still  very  useful 
without  this  capability  and  should  continue  to  be  explored. 
Since  stage  characteristics  have  already  been  determined 
for  the  CRF  test  compressor,  the  model  can  be  used  with 
these  characteristics  to  determine  possible  compressor 
in-stall  recovery  strategies.  It  can  also  be  used  to 
evaluate  parameters  such  as  bleeds,  area  changes  and  stage 
characteristics  on  recoverability  of  multistage 
compressors.  Analysis  of  the  CRF  test  compressor  data 
suggests  that  these  parameters  are  important  for  reducing 
in-stall  hysteresis  and  thus  increasing  compressor 
recoverability . 


257 


It  is  also  recommended  that  the  model  be  improved  to 
accept  double  valued  stage  characteristics.  The  results 
from  the  CRF  test  compressor  test  clearly  indicate  that 
double  valued  stage  characteristics  can  exist  in  a 
multistage  compressor  operating  in  rotating  stall. 

In  summary,  the  data  obtained  during  the  CRF  10-stage 
compressor  tests  provided  for  additional  validation  of  the 
Davis  multistage  model  for  the  prediction  of  compressor 
stalling  behavior.  Some  improvements  to  the  model  have 
been  recommended  that  will  enhance  the  model's  ability  to 
predict  multistage  stalling  events. 
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VIII.  SUMMARY  AND  CONCLUSIONS 

Modern,  high-speed,  multistage,  axial-flow  compressor 
evaluations  are  primarily  based  on  four  critical 
performance  parameters,  pressure  rise,  efficiency,  stall 
margin,  and  recoverability  from  a  stalling  condition.  The 
first  three  parameters  have  always  been  of  major  importance 
to  compressor  designers.  The  fourth  parameter, 
recoverability,  is  of  more  recent  concern,  because 
the  need  for  greater  aircraft  maneuverability  imposes 
conditions  on  the  engine  compressor  which  can  cause  it  to 
stall.  After  compressor  stall  occurs,  rapid  recovery  from 
stall  is  imperative  for  sustained  aircraft  flight.  Design 
guidelines  to  improve  compressor  recoverability  are 
required. 

The  test  program  described  in  this  report  was  designed 
to  yield  information  about  high-speed  multistage  compressor 
recoverability  from  an  in-stall  condition.  Details  about 
the  design  features  of  the  CRF  test  compressor  and  the  test 
facility  used  in  the  test  program  were  presented.  Three 
methods  of  data  acquisition,  time-averaged,  close-coupled 
and  high-response,  were  used  to  obtain  stalling  and 
in-stall  characteristics  of  the  CRF  test  compressor.  Test 


259 


procedures  were  designed  to  facilitate  evaluation  of  the 
effects  of  speed  and  variable  geometry  on  compressor 
recoverability . 

A  model  developed  by  Davis  [44],  which  attempts  to 
predict  multistage  compressor  dynamic  response  to  stage 
stalling  was  described.  This  model  is  based  on 
one-dimensional,  compressible,  unsteady  aerodynamic 
theories.  It  utilizes  a  multiple  control  volume  approach 
to  determine  the  dynamics  of  a  multistage  compressor. 

Prior  quantitative  validation  of  the  model  was  based 
primarily  on  in-stall  data  obtained  from  low-speed 
compressors . 

The  data  obtained  from  the  CRF  test  compressor 
provided  information  necessary  to  further  validate  the 
Davis  model.  In  addition,  the  test  compressor  data  suggest 
ways  by  which  the  Davis  model  can  be  improved. 

The  following  conclusions  about  multistage  compressor 
recoverability  research  are  based  on  experience  in  testing 
the  CRF  10-stage  test  compressor  and  analyzing  the  test 
data . 

1.  Extensive  pretest  data  acquisition  system 
preparation  is  required  before  obtaining  time-averaged  and 
time-resolved  data  from  a  multistage  compressor  going  into 
and  operating  in  quasi-steady  rotating  stall. 
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2 .  Obtaining  time-resolved  data  with  two  separate 
and  distinct  data  acquisition  systems  reinforces  the 
validity  of  the  data  obtained  from  each.  In  addition,  care 
must  be  taken  when  interpreting  unsteady  data.  Data 
acquisition  system  frequency  response  limits  the  amount  of 
information  that  can  be  collected.  This  was  the  case  with 
the  close-coupled  data  acquisition  system  used  in  the  CRF 
test  program.  The  limited  frequency  response  of  the 
close-coupled  system  prohibited  interpretation  of  the 
details  of  the  rotating  stall  cell.  The  close-coupled 
system  did  provide  global  information  about  compressor 
stalling  that  was  useful. 

3.  Time-averaged  unstalled  and  in-stall  compressor 
pressure  and  temperature  characteristics  can  be  obtained 
from  a  high-speed,  multistage  compressor  without  facility 
or  compressor  failure  if  appropriate  health  monitoring  of 
the  compressor  occurs. 

The  following  conclusions  about  the  CRF  10-stage  test 
compressor  are  based  on  test  data  analysis. 

1.  Overall  compressor  in-stall  pressure 
characteristics  involved  lower  pressure  levels  than  the 
unstalled  characteristics.  Pressure  levels  of  the  in-stall 
characteristics  decreased  with  increasing  shaft  speed.  The 
initial  in-stall  operating  point  of  the  overall  compressor 
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occurred  at  lower  flow  coefficients  with  increase  in 
compressor  shaft  speed. 

2.  Recovery  of  the  CRF  test  compressor  from  in-stall 
operating  points  appeared  to  occur  at  the  same  pressure 
coefficient  of  approx' uately  0.44  regardless  of  shaft 
speed. 

3.  The  time-averaged  overall  compressor  in-stall 
performance  data  showed  that  the  first  three  stages  of  the 
test  compressor  are  not  operating  in  full  span  rotating 
stall  even  after  overall  compressor  stall  occurs.  This 
observation  is  supported  by  time-resolved,  close-coupled 
data.  It  is  possible,  in  fact,  for  the  first  three  stages 
of  the  CRF  test  compressor  to  produce  a  greater  pressure 
rise  after  overall  compressor  stalling  occurs  than  before. 
Therefore,  multistage  compressor  theories  that  assume  that 
a  full  span  stall  cell  extends  axially  throughout  the 
compressor  may  not  be  generally  valid. 

4.  When  the  overall  compressor  was  in  stall,  the 
performance  of  the  second  and  third  stages  of  the  CRF  test 
compressor  varied  with  shaft  speed.  The  other  stage 
characteristics  did  not  vary  significantly  with  speed.  The 
performance  changes  with  shaft  speed  in  stages  two  and 
three  resulted  in  a  drop  in  the  overall  compressor  pressure 
characteristic  level  with  shaft  speed. 
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5.  Vane  setting  angle  changes  in  the  first  three 
stages  did  affect  the  tenth  stage  pressure  characteristic 
during  overall  compressor  in-stall  operation.  Opening  the 
vanes  resulted  in  greater  loss  of  total  pressure  in  the 
tenth  stage. 

6.  Variations  of  IGV,  stator  1,  and  stator  2  setting 
angles  did  not  effect  the  overall  flow  coefficient  at  the 
compressor  initial  in-stall  point  or  at  the  near-recovery 
point.  Setting  angle  variations  did  have  a  small  influence 
on  the  overall  in-stall  characteristic  pressure  level.  The 
overall  in-stall  characteristic  is  slightly  lower  with  the 
vanes  opened  up  by  7  degrees.  This  lowering  of  the 
characteristic  is  mainly  due  to  the  higher  pressure  loss  of 
the  tenth  stage  when  the  vanes  were  opened  by  7  degrees. 

7 .  Stage  temperature  characteristics  did  not  vary 
significantly  with  shaft  speed.  Temperature 
characteristics  for  the  first  5  stages  involved  a 
continuous  rise  of  temperature  with  reduction  of  flow 
coefficient  during  overall  compressor  stall.  The 
temperature  data  for  stages  six  through  ten  exhibited  an 
opposite  trend,  a  drop  in  time-averaged  temperature 
coefficient  with  reduction  of  flow  coefficient. 

8.  Time-averaged  overall  compressor  in-stall  stage 
performance  data  indicate  the  possibility  of  large 
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amounts  of  reverse  flow,  in  the  stalled  portion  of  the 
annulus,  in  stages  5  through  9.  The  stalled  region  of  the 
compressor  is  primarily  confined  to  stages  5  through  10. 

9.  Compressor  shaft  speed  affected  the  overall  stall 
recovery  hysteresis  of  the  CRF  10-stage  test  compressor. 
Higher  shaft  speeds  resulted  in  higher  levels  of  stall 
hysteresis.  This  is  opposite  to  the  trend  previously 
presented  for  another  high-speed  multistage  compressor  [1]. 
Either  trend  is  possible. 

10.  Stall  cell  blockage  extent  for  a  given  exit 
throttle  area  did  not  vary  significantly  with  shaft  speed. 
Blockage  extents  decreased  with  increasing  throttle  area 
however .  From  time-resolved,  high-response  data,  it  was 
determined  that  stall  cell  blockage  extents  as  low  as  17 
percent  of  the  annulus  cross  section  area  existed  in 

the  CRF  10 -stage  test  compressor  while  it  operated  in 
stall.  This  blockage  extent  is  considerably  less  than 
previously  reported  blockage  extents  of  about  30  percent 
[12] ,  [17]  . 

11.  Stall  cell  rotation  speed  increased  with 
increasing  throttle  area.  Cell  speed  for  a  given  blockage 
level  did  not  vary  significantly  with  shaft  speed. 

12.  A  decrease  in  the  time-averaged  pressure  existed 
across  the  tenth  stage  for  all  in-stall  operating  points 


264 


and  for  large  exit  throttle  area  unstalled  operating  points 
at  78.5%  speed.  It  was  suggested  that  the  decrease  in 
time-averaged  pressure  was  caused  by  choking  of  all  or  part 
of  the  tenth  stage  rotor  row. 

13.  Time-resolved  data  indicated  high  relative  Mach 
numbers  at  the  entrance  to  the  tenth  stage  rotor 

during  overall  compressor  in-stall  operation  at  78.5% 
design  corrected  speed.  Choking  is  likely  in  the  unblocked 
portion  of  the  tenth  stage  rotor  row  while  the  compressor 
is  operating  in  rotating  stall.  Temperature  rise  across 
the  first  five  stages  contribute  greatly  to  the  choking  by 
reducing  the  flow  density  at  the  tenth  stage  rotor 
entrance . 

14.  Overall  compressor  in-stall  hysteresis  at  78.5% 
design  corrected  speed  is  prolonged  because  of  possible 
choking  in  the  tenth  stage.  At  lower  speeds  the  hysteresis 
did  not  extend  to  stage  flow  coefficients  where  double 
values  of  stage  pressure  coefficient  existed.  For  78.5% 
speed  this  is  not  the  case  as  double  valued  pressure 
coefficients  exist  for  the  stages  in  stall  because  of  tenth 
stage  choking. 

15.  Stage  matching  can  have  a  significant  effect  on 
multistage  compressor  in-stall  performance  and 
recoverability.  Mismatching  of  the  stage  performance 
characteristics  of  the  CRF  test  compressor  for  78.5%  design 
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speed  (first  three  stages  operated  far  from  stage  stall  and 
at  very  high  flow  coefficient  levels,  middle  stages 
operated  near  stage  stall  at  lower  flow  coefficient  levels 
and  the  last  stage  operated  far  from  stage  stall  at  high 
flow  coefficient  levels)  contributed  to  the  high  in-stall 
hysteresis  levels  at  that  speed. 

16.  The  dynamic  multistage  compressor  performance 
model  developed  by  Davis  has  been  further  validated 
with  interstage  dynamic  stalling  pressures  obtained  from 
the  CRF  test  compressor.  The  model  predicts  in-stall 
interstage  pressure  levels  within  10  percent  of  the  test 
data.  The  model  also  correctly  predicted  the  trends  of  the 
dynamic  event,  although  it  fell  short  of  predicting  the 
time  constants  of  the  stalling  event  for  all  stages. 
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IX.  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 


Several  new  concepts  about  multistage  compressor 
recoverability  were  identified.  Further  experimental  and 
analytical  research  should  be  undertaken  to  more  fully 
explore  multistage  compressor  recoverability. 

A  follow  on  test  of  the  CRF  10-stage  test  compressor 
is  recommended.  The  following  improvements  to  test 
procedures,  test  compressor,  data  acquisition  system,  and 
instrumentation  are  recommended. 

1 .  High-response  static  and  total  pressure 
measurements  should  be  made  at  the  entrance  and  exit  of  the 
tenth  stage  to  further  validate  choking  at  high  speed 
in-stall  conditions. 

2 .  High-response  temperature  measurement 
techniques  should  be  developed  and  used  to  determine  the 
temperature  difference  between  the  blocked  and  unblocked 
regions  of  the  annulus .  The  temperature  measurement  device 
should  have  a  frequency  response  of  at  least  200  Hz. 

3.  The  test  compressor  should  be  modified  to 
allow  for  airflow  bleeds  at  the  entrance  to  the  ninth  and 
tenth  stages.  Bleeding  air  only  in  front  of  the  tenth 
stage  may  result  in  choking  of  the  ninth  stage.  Therefore 
bleeds  would  be  required  in  front  of  both  stages.  Test 
procedures  should  be  developed  to  fully  exercise  aft  stage 
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bleed  capability  and  to  determine  its  effects  on  compressor 
recoverability . 

4 .  Test  procedures  should  also  be  developed  to 
fully  explore  the  effects  of  the  IGV,  stator  1,  and  stator 
2  on  in-stall  hysteresis  levels.  It  is  recommended  that 
stator  1  and  2  be  scheduled  to  a  more  closed  position 
during  both  unstalled  and  in-stall  operation.  Schemes 
should  be  developed  to  determine  if  scheduling  of  the  vanes 
and  bleeds  can  improve  compressor  recoverability. 

5.  Additional  test  procedures  should  be 
developed  to  determine  the  effect  of  in-stall  speed  drops 
on  recoverability  of  the  CRF  test  compressor.  This  better 
simulates  conditions  that  may  exist  in  a  gas  turbine  engine 
when  the  compressor  stalls. 

6.  It  is  recommended  that  stage  characteristics 
of  selected  stages  be  graphically  displayed  during  the 
follow  on  test.  Near  real  time  display  of  stage 
characteristics  would  result  in  a  more  efficient  and  timely 
test  program.  The  effects  of  changes  in  vane  setting 
angles,  bleed  amounts  and  shaft  speed  on  stage  performance 
could  be  observed  directly.  Test  strategies  could  be 
modified  during  the  test  program  based  on  this  information. 

7 .  Further  study  is  required  to  determine  why 
time-averaged  in-stall  stage  characteristics  can  be  changed 
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in  the  tenth  stage  of  the  CRF  test  compressor  by  varying 
vane  positions  of  the  front  three  stages. 

The  recommendations  to  follow  apply  to  general 
research  in  multistage  compressor  stalling  and  in-stall 
operat 5 on . 

1.  Additional  analytical  modeling  efforts  should 
continue.  The  multistage  compressor  model  developed  by 
Davis  [44],  should  be  exercised  further  to  determine  if 
bleeds,  area  changes  or  shaft  speed  changes  will  reduce 
recovery  hysteresis  levels.  Further  research  into 
determining  individual  time  lags  for  each  stage  should  be 
continued.  This  research  would  result  in  a  more  accurate 
simulation  of  stage  dynamics  during  the  stalling  of  a 
multistage  compressor. 

2 .  Improvements  should  be  made  to  the  Davis 
model  to  allow  for  simulation  of  a  two-dimensional  event. 
From  the  CRF  10-stage  compressor  test  results  it  is  clear 
that  choking  in  the  tenth  stage  is  the  result  of  the 
rotating  stall  traversing  the  annulus  in  the 
circumferential  direction. 

3.  Mismatching  of  compressor  stages  for  midrange 
speeds  (70  to  80  percent  of  design  corrected  speed)  of 
compressor  operation  should  be  avoided.  This  mismatching 
is  likely  to  reduce  the  stall  recoverability  of  the 


compressor . 
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XII.  APPENDIX  A:  DETAILED  INSTRUMENTATION  LOCATIONS 

Detailed  locations  of  CRF  test  compressor 
instrumentation  are  povided  in  Figures  12.1  through  12.14. 
The  measurements  called  out  on  the  figures  were  used  for 
all  three  types  of  data  acquisition  during  the  tests, 
time-averaged,  close-coupled  and  high-response. 
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Figure  12.1  Test  compressor  detailed  instrumentation  locations 
(inlet  flow  conditioning  screen) 
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Test  compressor  detailed  instrumentation  locations 
(bellmouth  throat  and  compressor  inlet) 


28] 


Figure  12.4  Test  compressor  detailed  instrumentation  locations 


Figure  12.5  Test  compressor  detailed  instrumentation  locations 
( inlet  to  stage  3 ) 


Test  compressor  detailed  instrumentation  locations 
( inlet  to  stage  4 ) 


Figure  12.7  Test  compressor  detailed  instrumentation  locations 
(inlet  to  stage  5) 


Figure  12.8  Test  compressor  detailed  instrumentation  locations 


Test  compressor  detailed  instrumentation  locations 
(inlet  to  stage  7) 


ompressor  detailed  instrumentation  locations 


Figure  12.11  Test  compressor  detailed  instrumentation  locations 
( inlet  to  stage  9 ) 


detailed  instrumentation  locations 


Figure  12. 1J  Test  compressor  detailed  instrumentation  locations 
(exit  to  stage  10) 
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Test  compressor  detailed  instrumentation  locations 
(discharge) 
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XIII.  APPENDIX  B:  DETAILED  CHARACTERISTICS 

49.8%  DESIGN  SPEED 

The  data  shown  in  Figure  13.1  represent  the  detailed 
overall  compressor  temperature  and  pressure  characteristics 
for  the  nominal  variable  vane  configuration  for  the  test 
compressor  at  49.8%  design  corrected  speed.  Data  are 
presented  for  four  different  operating  conditions,  the 
first  two  being,  unstalled  (prior  to  stall)  operating  on 
the  overall  compressor  unstalled  characteristic,  and  at  the 
overall  compressor  initial  in-stall  condition.  The  data 
presented  at  the  initial  in-stall  condition  were  obtained 
by  slowly  closing  the  exit  throttle  while  the  compressor 
was  operating  unstalled  and  stopping  when  stall  occurred. 
The  compressor  was  allowed  to  stabilize  for  3  minutes  and 
then  the  data  were  obtained.  The  third  operating  condition 
is  for  the  compressor  in-stall  for  different  exit  throttle 
area  settings.  The  last  condition  is  a  repeat  of  the  first 
after  the  compressor  recovered  from  stall.  The  data  in 
Figures  13.2  through  13.11  are  the  individual  stage 
characteristics  for  the  CRF  test  compressor.  These 
characteristics  are  plotted  in  stage  pressure  and 
temperature  coefficient  and  stage  flow  coefficient 
coordinates  for  the  overall  compressor  condition  described 


above . 
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Figure  13.1  Test  compressor  overall  characteristics 
49.8%  design  corrected  speed 
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Figure  13.2  Test  compressor  first  stage  characteristics 
49.8%  design  corrected  speed 
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Figure  13.3  Test  compressor  second  stage  characteristics 
49.8%  design  corrected  speed 


TEMPERATURE  COEFFICIENT  PRESSURE  COEFFICIENT 


296 


3RD  STAGE  PRESSURE  CHARACTERISTIC 

49.0%  DESIGN  CORRECTED  SPEED 

0.09  -I 
0.08  H 

D=  UNSTALLED  (PRIOR  TO  STALL) 

°-071  °=  INITIAL  IN-STALL  POINT 

]  IN -STALL 

0.08  4  UNSTALLED  (AFTER  STALL) 


0.08 


FLOW  COEFFICIENT 


0.6 


3RD  STAGE  TEMPERATURE  CHARACTERISTIC 

49.8%  DESIGN  CORRECTED  SPEED 


FLOW  COEFFICIENT 


Figure  13.4  Test  compressor  third  stage  charcteristics 
49.8*  design  corrected  speed 
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Figure  13.5  Test  compressor  fourth  stage  characteristics 
49.8%  design  corrected  speed 
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Figure  13.6  Test  compressor  fifth  stage  characteristics 
49.8%  design  corrected  speed 
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Figure  13.8  Test  compressor  seventh  stage  characteristics 
49.8%  design  corrected  speed 
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Figure  13.9  Test  compressor  eighth  stage  characteristics 
49.8%  design  corrected  speed 
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13.10  Test  compressor  ninth  stage  characteristics 
49.8%  design  corrected  speed 
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Figure  13.11  Test  compressor  tenth  stage  characteristics 
49.8%  design  corrected  speed 
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XIV.  APPENDIX  C:  DETAILED  CHARACTERISTICS 

59.7%  DESIGN  SPEED 


The  data  shown  in  Figure  14.1  represent  the  detailed 
overall  compressor  temperature  and  pressure  characteristics 
for  the  nominal  variable  vane  configuration  for  the  test 
compressor  at  59.7%  design  corrected  speed.  Data  are 
presented  for  four  different  operating  conditions,  the 
first  two  being,  unstalled  (prior  to  stall)  operating  on 
the  overall  compressor  unstalled  characteristic,  and  at  the 
overall  compressor  initial  in-stall  condition.  The  data 
presented  at  the  initial  in-stall  condition  were  obtained 
by  slowly  closing  the  exit  throttle  while  the  compressor 
was  operating  unstalled  and  stopping  when  stall  occurred. 
The  compressor  was  allowed  to  stabilize  for  3  minutes  and 
then  the  data  were  obtained.  The  third  operating  condition 
is  for  the  compressor  in-stall  for  different  exit  throttle 
area  settings.  The  last  condition  is  a  repeat  of  the  first 
after  the  compressor  recovered  from  stall.  The  data  in 
Figures  14.2  through  14.11  are  the  individual  stage 
characteristics  for  the  CRF  test  compressor.  These 
characteristics  are  plotted  in  stage  pressure  and 
temperature  coefficient  and  stage  flow  coefficient 
coordinates  for  the  overall  compressor  condition  described 


above . 
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Figure  14.1  Test  compressor  overall  characteristics 
59.7%  design  corrected  speed 
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Figure  14.2  Test  compressor  first  stage  characteristics 
59.7%  design  corrected  speed 
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Figure  14.3  Test  compressor  second  stage  characteristics 
59.7%  design  corrected  speed 
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Figure  14.4  Test  compressor  third  stage  characteristics 
59.7%  design  corrected  speed 
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Figure  14.5  Test  compressor  fourth  stage  characteristics 
59.7%  design  corrected  speed 
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Figure  14.6  Test  compressor  fifth  stage  characteristics 
59.7%  design  corrected  speed 
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Figure  14.7  Test  compressor  sixth  stage  characteristics 
59.7%  design  corrected  speed 
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Figure  14.8  Test  compressor  seventh  stage  characteristics 
59.7%  design  corrected  speed 


TEMPERATURE  COEFFICIENT  PRESSURE  COEFFICIENT 


313 


8TH  STAGE  PRESSURE  CHARACTERISTIC 
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Figure  14.9  Test  compressor  eighth  stage  characteristics 
59.7%  design  corrected  speed 
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9TH  STAGE  PRESSURE  CHARACTERISTIC 
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Figure  14.10  Test  compressor  ninth  stage  characteristics 
59.7%  design  corrected  speed 
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Figure  14.11  Test  compressor  tenth  stage  characteristics 
59.7%  design  corrected  speed 
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XV.  APPENDIX  D:  DETAILED  CHARACTERISTICS 

67.7%  DESIGN  SPEED 


The  data  shown  in  Figure  15.1  represent  the  detailed 
overall  compressor  temperature  and  pressure  characteristics 
for  the  nominal  variable  vane  configuration  for  the  test 
compressor  at  67.8%  design  corrected  speed.  Data  are 
presented  for  four  different  operating  conditions,  the 
first  two  being,  unstalled  (prior  to  stall)  operating  on 
the  overall  compressor  unstalled  characteristic,  and  at  the 
overall  compressor  initial  in-stall  condition.  The  data 
presented  at  the  initial  in-stall  condition  were  obtained 
by  slowly  closing  the  exit  throttle  while  the  compressor 
was  operating  unstalled  and  stopping  when  stall  occurred. 
The  compressor  was  allowed  to  stabilize  for  3  minutes  and 
then  the  data  were  obtained.  The  third  operating  condition 
is  for  the  compressor  in-stall  for  different  exit  throttle 
area  settings.  The  last  condition  is  a  repeat  of  the  first 
after  the  compressor  recovered  from  stall.  The  data  in 
Figures  15.2  through  15.11  are  the  individual  stage 
characteristics  for  the  CRF  test  compressor.  These 
characteristics  are  plotted  in  stage  pressure  and 
temperature  coefficient  and  stage  flow  coefficient 
coordinates  for  the  overall  compressor  condition  described 


above . 
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15 . 1  Test  compressor  overall  characteristics 
67.7%  design  corrected  speed 
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Figure  15.2  Test  compressor  first  stage  characteristics 
67.7%  design  corrected  speed 
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Figure  15.3  Test  compressor  second  stage  characteristics 
67.7%  design  corrected  speed 
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Figure  15.4  Test  compressor  third  stage  characteristics 
67.7%  design  corrected  speed 
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Figure  15.5  Test  compressor  fourth  stage  characteristics 
67.7%  design  corrected  speed 
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Figure  15.6  Test  compressor  fifth  stage  characteristics 
67.7%  design  corrected  speed 
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Figure  15.7  Test  compressor  sixth  stage  characteristics 
67.7%  design  corrected  speed 
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Figure  15.8  Test  compressor  seventh  stage  characteristics 
67.7%  design  corrected  speed 
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Figure  15.11  Test  compressor  tenth  stage  characteristics 
67.7%  design  corrected  speed 
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XVI.  APPENDIX  E:  DETAILED  CHARACTERISTICS 

74.5%  DESIGN  SPEED 


The  data  shown  in  Figure  16.1  represent  the  detailed 
overall  compressor  temperature  and  pressure  characteristics 
for  the  nominal  variable  vane  configuration  for  the  test 
compressor  at  74.5%  design  corrected  speed.  Data  are 
presented  for  four  different  operating  conditions,  the 
first  two  being,  unstalled  {prior  to  stall)  operating  on 
the  overall  compressor  unstalled  characteristic,  and  at  the 
overall  compressor  initial  in-stall  condition.  The  data 
presented  at  the  initial  in-stall  condition  were  obtained 
by  slowly  closing  the  exit  throttle  while  the  compressor 
was  operating  unstalled  and  stopping  when  stall  occurred. 
The  compressor  was  allowed  to  stabilize  for  3  minutes  and 
then  the  data  were  obtained.  The  third  operating  condition 
is  for  the  compressor  in-stall  for  different  exit  throttle 
area  settings.  The  last  condition  is  a  repeat  of  the  first 
after  the  compressor  recovered  from  stall.  The  data  in 
Figures  16.2  through  16.11  are  the  individual  stage 
characteristics  for  the  CRF  test  compressor.  These 
characteristics  are  plotted  in  stage  pressure  and 
temperature  coefficient  and  stage  flow  coefficient 
coordinates  for  the  overall  compressor  condition  described 


above . 
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Figure  16.1  Test  compressor  overall  characteristics 
74.5%  design  corrected  speed 
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Figure  16.2 
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Figure  16.3  Test  compressor  second  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.4  Test  compressor  third  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.5  Test  compressor  fourth  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.6  Test  compressor  fifth  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.7  Test  compressor  sixth  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.8  Test  compressor  seventh  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.9  Test  compressor  eighth  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.10 


Test  compressor  ninth  stage  characteristics 
74.5%  design  corrected  speed 
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Figure  16.11  Test  compressor  tenth  stage  characteristics 
74.5%  design  corrected  speed 
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XVII.  APPENDIX  F:  DETAILED  CHARACTERISTICS 

78.5%  DESIGN  SPEED 


The  data  shown  in  Figure  17 . 1  represent  the  detailed 
overall  compressor  temperature  and  pressure  characteristics 
for  the  nominal  variable  vane  configuration  for  the  test 
compressor  at  49.8%  design  corrected  speed.  Data  are 
presented  for  four  different  operating  conditions,  the 
first  two  being,  unstalled  (prior  to  stall)  operating  on 
the  overall  compressor  unstalled  characteristic,  and  at  the 
overall  compressor  initial  in-stall  condition.  The  data 
presented  at  the  initial  in-stall  condition  were  obtained 
by  slowly  closing  the  exit  throttle  while  the  compressor 
was  operating  unstalled  and  stopping  when  stall  occurred. 
The  compressor  was  allowed  to  stabilize  for  3  minutes  and 
then  the  data  were  obtained.  The  third  operating  condition 
is  for  the  compressor  in-stall  for  different  exit  throttle 
area  settings.  The  last  condition  is  a  repeat  of  the  first 
after  the  compressor  recovered  from  stall.  The  data  in 
Figures  17.2  through  17.11  are  the  individual  stage 
characteristics  for  the  CRF  test  compressor.  These 
characteristics  are  plotted  in  stage  pressure  and 
temperature  coefficient  and  stage  flow  coefficient 
coordinates  for  the  overall  compressor  condition  described 


above . 
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Figure  17.1  Test  compressor  overall  characteristics 
78.5%  design  corrected  3peed 
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Figure  17.2  Test  compressor  first  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.3  Test  compressor  second  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.4  Test  compressor  third  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.5  Test  compressor  fourth  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.6 


Test  compressor  fifth  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.7  Test  compressor  sixth  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.8  Test  compressor  seventh  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.9  Test  compressor  eighth  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.10  Test  compressor  ninth  stage  characteristics 
78.5%  design  corrected  speed 
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Figure  17.11  Test  compressor  tenth  stage  characteristics 
78.5%  design  corrected  speed 
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XVIII.  APPENDIX  G:  DETAILED  CHARACTERISTICS 

74.5%  DESIGN  SPEED  +7W 


The  data  shown  in  Figure  18.1  represent  the  detailed 
overall  compressor  temperature  and  pressure  characteristics 
for  the  +7  variable  vane  configuration  for  the  test 
compressor  at  74.5%  design  corrected  speed.  Data  are 
presented  for  four  different  operating  conditions,  the 
first  two  being,  unstalled  (prior  to  stall)  operating  on 
the  overall  compressor  unstalled  characteristic,  and  at  the 
overall  compressor  initial  in-stall  condition.  The  data 
presented  at  the  initial  in-stall  condition  were  obtained 
by  slowly  closing  the  exit  throttle  while  the  compressor 
was  operating  unstalled  and  stopping  when  stall  occurred. 
The  compressor  was  allowed  to  stabilize  for  3  minutes  and 
then  the  data  were  obtained.  The  third  operating  condition 
is  for  the  compressor  in-stall  for  different  exit  throttle 
area  settings.  The  last  condition  is  a  repeat  of  the  first 
after  the  compressor  recovered  from  stall.  The  data  in 
Figures  18.2  through  18.11  are  the  individual  stage 
characteristics  for  the  CRF  test  compressor.  These 
characteristics  are  plotted  in  stage  pressure  and 
temperature  coefficient  and  stage  flow  coefficient 
coordinates  for  the  overall  compressor  condition  described 


above . 
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Figure  18.1 


Test  compressor  overall  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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Figure  18.3  Test  compressor  second  stage  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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Figure  18.4  Test  compressor  third  stage  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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Figure  18.5  Test  compressor  fourth  stage  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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Figure  18.6  Test  compressor  fifth  stage  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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Figure  18.7  Test  compressor  sixth  stage  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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Figure  18.8  Test  compressor  seventh  stage  characteristics 
74  5%  design  corrected  speed  (+7  W) 
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Figure  lfi.o  Test  compressor  eighth  stage  characterise 
74.5%  design  corrected  speed  (+7  W) 


TEMPERATURE  COEFFICIENT 


362 


9  TH  STAGE  PRESSURE  CHARACTERISTIC 

74.5%  DESIGN  CORRECTED  SPEED  (+7  VV) 

o.oe  - 

1 


0.08 -j 

i 

1 

H  0.07  t 

Z  i 

UJ  1 

U  0.06 -j 

U«  J 

a* 

UJ  0.06  -j 

U  4 

w  0.04  t 

a:  1 


2  =  UNSTALLED  (PRIOR  TO  STALL) 
°  =  INITIAL  LN-STALL  POINT 
a  =  IN-STALL 

+  =  UNSTALLED  (AFTER  STALL) 


FLOW  COEFFICIENT 


9  TH  STAGE  TEMPERATURE  CHARACTERISTIC 

74.5%  DESIGN  CORRECTED  SPEED  (+7  VV) 

0.4  -! 

I 


0.3-1  a  =  UNSTALLED  (PRIOR  TO  STALL) 

J  °  =  INITIAL  LN-STALL  POINT 

i  “ =  IN-STALL 

\  *  =  UNSTALLED  (AFTER  STALL) 


FLOW  COEFFICIENT 


Figure  19.19  Test  compressor  ninth  stage  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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Figure  18.11  Test  compressor  tenth  stage  characteristics 
74.5%  design  corrected  speed  (+7  W) 
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XIX.  APPENDIX  H:  HIGH-RESPONSE  FORWARD  AND  AFT 

FACING  PROBE  SIGNALS 


The  pressure  signals  obtained  from  the  exit  forward 
and  aft  pressure  probe  detailed  in  section  IV  for  the 
operating  conditions  defined  in  Figure  7.48  at  59.7%  design 
speed  are  presented  in  Figures  19.1  through  19.5.  The  data 
detail  the  annulus  blockage  extent  for  five  different 
in-stall  operating  conditions  at  59.7%  design  speed.  The 
same  type  data  for  in-stall  operation  at  conditions  defined 
in  Figure  7.44  at  78.5%  design  speed  are  detailed  in 
Figures  19.6  through  19.10.  Again  the  circumferential 
extent  of  stall  cell  blockage  provided. 
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Figure  19.7  High-response  compressor  exit  forward  and  aft  facing  pressure  probe 
signals  with  stall  cell  blockage  extent  detailed,  78.5%  design 
corrected  speed,  exit  throttle  area  19.9  sq.  in.  (128.4  so.  cm) 
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Figure  19.8  High-response  compressor  exit  forward  and  aft  facing  pressure  probe 
signals  with  stall  cell  blockage  extent  detailed,  78.5%  design 
corrected  speed,  exit  throttle  area  24.9  sq.  in.  (160.6  sq.  cm) 
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Figure  19.10  High-response  compressor  exit  forward  and  aft  facing  pressure  probe 
signals  with  stall  cell  blockage  extent  detailed,  78.5%  design 
corrected  speed,  exit  throttle  area  29.2  sq.  in.  (188.4  sq.  cm) 


